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PREFACE 


This  book  is  planned  to  meet  the  need  for  an  elementary 
text  on  alternating-current  electricity,  simple  enough  to  be 
readily  understood  by  beginners,  and,  at  the  same  time, 
complete  enough  to  be  a  proper  foundation  for  engineering 
practice  or  for  later  advanced  study. 

The  authors  have  tried  to  present  a  thorough  treatment 
of  the  general  principles,  everywhere  closely  associating  the 
principles  with  the  machines,  the  methods  and  the  facts  of 
everyday  practice.  It  is  believed  that  information  thus 
arranged  becomes  immediately  usable,  and  that,  in  ad- 
dition, the  student  receives  the  suggestion  and  incentive  for 
further  study  on  his  own  initiative.  Throughout  the  text, 
the  steps  by  which  new  ideas  are  introduced  have  been  made 
small.  The  increased  speed  and  certainty  with  which  the 
students  advance  under  this  plan  has  been  found,  on  care- 
ful trial,  to  more  than  compensate  for  the  longer  text  made 
necessary. 

In  order  that  a  proper  background  for  the  study  of  alter- 
nating-current phenomena  may  be  provided,  the  authors  in- 
troduced in  Chapter  I  a  brief  general  discussion  of  the  ways 
in  which  alternating  current  and  alternating-current  ma- 
chinery are  commonly  used  and  the  place  that  they  occupy 
in  the  larger  field  of  power  generation  and  distribution.  It 
is  our  belief  that  the  perspective  view  thus  obtained  by  the 
student*  will  greatly  aid  him  in  all  subsequent  chapters  of 
the  book. 

Theoretical  demonstrations  and  discussions  are  preceded 
in  every  instance  by  practical  explanations  and  common, 
everyday   analogies   which    must    have    come   within   the 
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student's  previous  knowledge  and  experience.  The  funda- 
mental ideas  concerning  current,  e.m.f.,  phase  relations, 
power  and  power-factor  are  brought  most  prominently  to  the 
student's  attention,  since  these  ideas  are  of  the  first  im- 
portance in  dealing  with  alternating  current;  but  the 
authors  have  purposely  postponed  the  discussion  of  in- 
ductance and  capacity  until  their  physical  significance  and 
their  practical  applications  have  been  explained.  Armature 
windings  are  treated  with  much  greater  detail  than  is  usual 
in  textbooks  of  this  kind  in  the  belief  that  a  thorough  under- 
standing of  that  part  of  the  machine  in  which  the  e.m.f.  is 
generated  is  necessary  to  a  clear  understanding  of  the 
meaning  of  phase  difference,  vector  summation  and  poly- 
phase relations.  The  main  object  has  been  to  teach,  not 
armature  winding,  but  polyphase  alternating  currents. 

Hydraulic  analogies  have  been  used  freely  for  the  purpose 
of  giving  the  student  qualitative  and  physical  conceptions 
rather  than  a  quantitative  or  mathematical  appreciation  of 
the  principles  under  discussion,  as  the  authors  have  found  in 
their  teaching  experience  that  such  analogies  are  more  con- 
"vincing  to  most  students  than  rigid,  abstract  demonstrations. 
For  a  similar  reason,  also,  many  pictures  and  simple  diagrams, 
each  provided  with  a  full  and  carefully  descriptive  legend, 
have  been  inserted  throughout  the  text.  Practical  problems 
have  been  introduced  generously  and  nearly  1500  will  be 
found  distributed  throughout  and  at  the  ends  of  the  different 
chapters.  These  have  been  carefully  planned  both  to  test 
the  student's  real  knowledge  of  the  subject  matter  presented 
in  the  preceding  chapters  and  to  give  him  valuable  engineer- 
ing data  in  a  form  that  is  convenient  and  easily  remembered. 

The  text  consists  of  two  courses.  While  there  is  no 
break  in  the  continuity  between  the  *' First  Course"  and  the 
"Second  Course,"  each  course  is,  nevertheless,  complete  in 
itself  and  can  be  comfortably  finished  in  one  semester. 

The  '* First  Course"  includes  the  general  introduction,  a 
description  and  study  of  the  fundamental  principles,  and 
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the  application  of  each  principle  to  all  of  the  important  de- 
partments of  electrical  engineerii)g  practice.  The  purpose 
of  this  course  is  to  acquaint  the  student  with  the  larger  facts 
of  alternating-current  phenomena  and  with  the  nature  of 
the  quantities  involved  rather  than  to  provide  him  with  an 
exhaustive  study  of  the  appliances. 

The  "Second  Course"  explains  in  greater  detail  matters 
relating  to  the  construction  and  the  characteristics  of  oper- 
ation of  the  various  common  types  of  alternating-current 
machines  and  appliances.  Each  of  these  machines  and  ap- 
pliances is  studied  in  its  relation  to  all  of  the  principles  that 
have  been  brought  out  in  the  earlier  course. 

The  above  arrangement  of  material,  together  with  the 
shortening  of  the  steps  by  which  new  ideas  are  introduced, 
the  constant  practical  applications  of  principles,  the  frequent 
analogies  and  the  elimination  of  abstract  and  complicated 
mathematical  demonstrations  have  been  found  in  the 
authors'  experience  to  so  simplify  the  subject  as  to  make  the 
study  of  alternating  current  entirely  practicable  much  earlier 
than  is  usual  in  technical  schools  and  college  courses.  This 
is  most  important,  for  alternating  current  is  a  subject  which 
requires  ample  time  for  thorough  assimilation.  When  alter- 
nating-current theory  is  begun  too  late,  no  time  remains  for 
subsequent  study  or  for  experimental  courses  dependent 
upon  it. 

It  is  presupposed  that  the  student  has  studied  the  equiva- 
lent of  the  first  nine  chapters  of  Timbie's  "Elements  of 
Electricity,"  and  that  he  has  access  to  a  good  laboratory. 

In  conclusion,  the  authors  wish  to  express  their  apprecia- 
tion and  thanks  to  Mr.  Arthur  L.  Williston,  Principal  of 
Wentworth  Institute,  for  inspiration  and  teaching  philosophy, 
for  generous  assistance  in  the  preparation  of  the  text,  and 
especially  for  bringing  the  first  chapter  and  the  introduction 
into  their  present  form.  Also  they  wish  to  express  to  Mr. 
J.  M.  Jameson,  Vice-President  of  Girard  College,  apprecia- 
tion and  thanks  for  eflScient  and  most  valuable  editing. 
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Grateful  acknowledgment,  too,  is  extended  to  Mr.  Cliflford  W. 
Bates,  Sheffield  Scientific  School,  for  valuable  criticism  and 
suggestions  regarding  the  text  and  for  solutions  of  the 
problems. 

W.  H.  T. 
M.   H.   M« 

Boston,  Mass., 
Ann  Arbor,  1914. 
November^  1914. 
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CHAPTER  I 
MODERN  SYSTEMS  OF  POWER  TRANSMISSION 

It  is  the  purpose  of  this  chapter  to  give  the  reader  a 
bird's-eye  view  of  the  particular  place  occupied  by  Alternating- 
current  Electricity,  and  also  that  occupied  by  electrical 
power  in  general,  in  the  large  problem  of  the  generation  and 
distribution  of  power. 

1.  Sotirces  of  Power.  Electricity  is  not  one  of  the 
natural  sources  of  power;  commercially  it  is  nearly  always 
generated  in  one  way  or  other  from  some  kind  of  mechani- 
cal power.  The  chief  original  sources  of  power  are:  first, 
coal  which  is  mined  from  the  earth;  second,  oil  and  gas 
which  flow  from  driven  wells;  third,  water  flowing  in  natural 
or  artificial  waterways. 

Energy  is  obtained  from  fuel,  that  is,  from  coal,  or  oil, 
or  gas,  in  one  of  two  ways.  It  may  be  obtained  by  burning 
the  fuel  under  steam  boilers,  or  by  internal  combustion 
inside  the  cylinders  of  oil  engines  or  gas  engines.  In  both 
cases  heat  is  generated,  and  this  heat  must  be  transformed 
into  mechanical  energy  before  electricity  can  be  obtained 
upon  a  commercial  scale. 

Heat  generated  underneath  a  boiler  may  be  used  to  make 
steam  under  pressure,  and  this  steam  passed  through  the 
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valves  of  a  steam  engine  or  the  nozzles  of  a  steam  turbine 
may  be  made  to  move  a  piston  or  revolve  a  shaft.  Thus 
heat  energy  may  be  transformed  into  mechanical  energy 
capable  of  operating  the  machinery  of  a  mill,  or  of  running 
an  engine,  or  revolving  the  armature  of  an  electrical  gen- 
erator. Fig.  la  shows  the  coal-handling  device  for  a  large 
power  plant;  Fig.  lb,  the  belt  conveyor  that  delivers  the 
coal  to  the  hoppers  which  feed  it  to  the  grates  beneath  the 
boilers  by  means  of  an  automatic  stoker  shown  in  Fig.  Ic. 


Fig.  la.    Coal-handliDg  device  of  a  modern  central  power  plant. 

The  Electrical  World. 


The  steam  generated  in  these  boilers  drives  the  four  tur- 
bines of  Fig.  Id,  the  combined  power  of  which  is  nearly 
20,000  kw.  Again,  when  oil,  natural  gas  or  artificial  gas 
manufactured  from  coal  is  burned  inside  the  cylinder  of  a 
gas  engine,  heat  is  generated.  The  heat  expands  the  gases 
which  result  from  the  combustion,  and  enables  them  to 
push  forward  the  piston  of  the  engine.  In  this  instance, 
too,  heat  energy  is  transformed  into  mechanical  energy  and 
made  capable  of  rotating  any  shaft  to  which  the  engine 
piston  is  attached.  Fig.  2  shows  a  250-kv-a.  engine  for  using 
natural  gas. 
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In  recent  years  in  the  United  States  there  have  been  a 
large  number  of  very  important  power  installations  in 
which  electricity  is  generated  by  water-power.  The  water, 
in  falling  from  a  higher  level  to  a  lower,  is  caused  to  come 


at  a  h^h  velocity  against  the  blades  of  a  turbine  or  water 
wheel  and  thus  revolve  it  upon  its  shaft.  The  energy  in 
water  stored  at  the  higher  level  may  thus  be  transformed 


Fio.  Ic.    A  battery  ot  boilers.    Note  that  the  coal  is  fed  to  the 
grates  by  automatic  slokere,    Babcock  &  Wikox  Co. 

into  the  mechanical  enei^  of  a  revolving  shaft;  and  this 
may  be  used  to  generate  electricity  or  to  operate  any  kind 
of  machiner>'.  In  Fig.  3a  is  seen  the  Gatun  dam  of  the 
Panama  Canal  Zone;  in  Fig.  3b,  the  penstocks  which  carry 
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the  water  from  Lake  Gatun  to  the  3600-h.  p.  turbines  shown 
in  Fig.  3c,  which  supply  the  electric  power  for  the  whole 
Canal  Zone. 

Steam  engines,  gas  engines  and  water  wheels,  when  used 
to  convert  natural  power  into  mechanical  energy,  are  for 
convenience  sometimes  called  prime  movers,  when  we  wish 
to  speak  of  them  collectively  under  a  single  term. 

2.  The  Need  for  Central  Power  Stations.  It  very  fre- 
quently happens  that  the  work  that  prime  movers  are  in- 
tended to  perform  is  scattered  over  a  wide  area.  In  many 
instances  the  amount  of  power  that  is  required  for  use  at 
any  one  place  is  small.  To  illustrate:  In  a  factory  having 
several  buildings  scattered  over  a  large  tract  of  land,  we 
find  that  power  is  used  for  incandescent  lamps  to  light  each 
floor  of  each  one  of  the  buildings;  for  desk  fans  in  offices 
located  in  several  buildings;  and  for  arc  lamps  to  Ught  the 
yard.  It  is  also  used  for  operating  machine  tools  in  the 
repair  shop  in  one  of  the  buildings;  and  for  various  manu- 
facturing purposes  in  many  other  parts  of  the  plant.  Each 
incandescent  lamp  needs  but  ^  horse  power,  each  desk  fan 
needs  but'  ^  horse  power  and  each  arc  lamp  needs  but 
about  I  horse  power.  Each  machine  tool  in  the  repair 
shop  requires  from  about  \  horse  power  to  perhaps  3  horse 
power,  and  the  whole  repair  shop  may  require  only  about 
20  or  25  horse  power.  Large  quantities  of  power  are  re- 
quired for  manufacturing  purposes,  but  the  machines  \o 
be  driven  are  located  on  the  several  floors  of  the  different 
buildings. 

Under  such  circumstances  it  would  be  neither  practicable 
nor  economical  to  install  an  engine  or  a  water  wheel  at  each 
place  where  power  is  needed.  The  only  practical  plan  is  to 
generate  in  one  "  Power  Station  "  all  the  power  that  is  needed 
for  the  entire  plant,  and  then  to  distribute  this  power  in 
some  way  to  the  places  where  it  is  to  be  used.  In  this 
power  station,  centrally  located  if  possible,  are  installed  all 
the  prime  movers  that  are  necessary.     The  next  problem 
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is  to   determine    r  .„.-..- 

the  best  method 

of  distributing 

the  power  that  is 

generated  to  each 

separate  machine 

where  it  is  to  be 

used. 
3.  Selecting 

a    Method    for 

Transmitting 

Power.       There 

are  four  common  waj-a  of  transmitting  power  to  consider- 
'  able  distances: 
first,  mechanical 
means,  by  belts 
or  rope-drives 
and  shafting; 
second,  by  steam 
under  pressure 
flowing  in  mains 
third,  by  com- 
pressed air; 
fourth,  by  elee- 

Fici.Sb.    The  penstocks  of  the  Gatun  plant.    Thewatcr      i    these    four 


turbinea  in  the  proceaa  of  erection.    The  Electrical  World. 


methods    of 


power  transmission  is  best  suited  to  the  requirements  of  a 
particular  plant  will 
depend  upon  the  sur- 
rounding conditions, 
and  often  requires 
careful  study.  Each 
of  these  methods  has 
advant^es.  There 
are  many  instances 
in  which  each  of 
these  four  modes 
of  power  transmis- 
sion should  be  used  p^^  3^.  ^^  q^^^^  hydro-electric  station  with 
m  preference  to  all  (hroc  turbines  in  place.  The  Electrical  WoM. 
of  the  others.  Where 
distances  are  very  short,  mechanical  transmission  of  power 
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by  belts  and  shafting  is  usually  the  cheapest  and  most  effi- 
cient method.  Fig.  4a  shows  a  typical  Installation  of  rope 
transmission,  and  Fig.  4b  is  an  illustration  of  the  use 
of  belts  and  shafting  for  distributing  power  to  the  various 
machines  of  a  textile  plant.  Where  installations  are  tem- 
porary, where  the  distances  to  which  power  must  be  trans- 
mitted  are   not  too  great,   and   where   the   quantities  of 


Fig.  la.    Power  transmission  by  meana  of  ropes  and  pulleys. 
The  Dodge  Mfg.  Co. 

power  required  are  small,  steam  under  pressure  may  often 
be  used  to  advantage.  An  illustration  that  might  be  cited 
of  this  type  of  transmission  is  the  scheme  for  rock  drills, 
hoisting  engines,  elevators  and  pumps  needed  for  a  subway 
or  a  lai^e  building  excavation.  Compressed  air  is  often 
used  in  preference  to  steam  where  distances  are  great,  where 
freezing  temperature  will  be  encountered  and  where  the  in- 
stallation is  to  be  more  nearly  permanent.  The  rock-drills 
of  Fig.  5a  are  driven  by  compressed  air,  transmitted  through 
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a  long  pipe  line.  The  mine  locomotive  of  Fig.  5b  is  pro- 
pelled by  compressed  sir,  enough  of  which  can  be  stored 
in  the  three  tanks  for  a  trip  of  several  miles.  Electricity 
has  many  advantages  over  other  types  of  power  transmis- 


Fia.  4b.    Looking  down  an  aisle  in  a  modem  textile  plaat  equipped 
with  belte,  pulleys  and  shafting.     The  Dodge  Idea. 

sion,  especially  where  the  distances  to  which  power  is  to 
be  sent  are  great.  Electricity  travels  on  wires  that  do  not 
move.  These  wires  may  be  bent  in  any  direction.  They 
easily  pass  obstructions  and  may  be  supported  in  a  great 
variety  of  ways.     The  cost  of  such  a  transmission  lino  is 
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relatively  small  and,  when  installed,  is  subject  to  but  small 
depreciation  and  wear.  Fig.  6  shows  a  section  of  the  electric 
line  which  transmits  10,000  h.  p.  from  Niagara  Falls  to 
Toronto,  a  distance  of  90  miles. 


Fig.  5a.     Power  is  conveyed  to  these  rock  drills  by  means  of  compressed 
air  transmitted  through  pipe  lines.     The  IngersoU-Rand  Co. 

Electric  power  may  be  started,  stopped  and  controlled  by 
devices  that  are  more  accurate  an<i  rapid  in  their  operation 
and  more  compact  and  durable  in  their  construction  than 
those  which  must  be  used  when  power  is  transmitted  by 
other  means;  and  it  is  suited  to  a  greater  variety  of  uses. 
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Also,  for  long-distance  transmission,  electricity  is  more  eco- 
nomical than  any  other  kind  of  power.  Central  power 
stations  which  are  designed  to  furnish  powbr  to  a  conmiu- 
nity  for  an  indefinite  variety  of  purposes  have  consequently 
become,  in  almost  every  instance,  electric  generating  stations. 
In  these  stations  the  mechanical  power  of  the  engines  or 
water  wheels  drives  electric  generators.  The  electricity  from 
these  generators  is  distributed  through  a  switchboard  over 
a  network  of  large  conductors  which  are  called  feeders  or 


Flo.  5b.  A  mine  locomotive  propelled  by  compreased  air.  The  three 
storage  tanks  can  be  charged  in  one-half  minute  with  enough  com- 
preased air  to  enable  the  locomotive  to  draw  a  load  several  miles.  The 
H.  K.  Parler  Co. 

mains.  The  current  in  these  mains  is  often  again  subdivided 
at  small  distributing  centers  from  which  it  is  distributed 
over  small  wires  to  the  numerous  points  where  lamps,  motors, 
heating  devices  or  chemical  apparatus  are  to  be  supplied 
with  power. 

4.  Selecting  the  Locations  of  Central  Generating  Sta- 
tions. It  is  usually  best  to  locate  central  generating  sta- 
tions at  points  centrally  situated  in  the  areas  they  are  to 
serve,  and  so  to  locate  them  that  the  cost  of  erecting  and 
operating  the  necessary  distributing  circuits  is  a  minimum. 
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Where  water  is  used  as  the  natural  source  of  power,  how- 
ever, the  generating  station  is  located  at  or  near  the  water- 
fall, as  it  is  cheaper  to  transmit  the  electricity  to  the  market 
where  it  will  be  used  than  it  would  be  to  transmit  the  great 
quantities  of  water  required  for  the  water  wheels. 

6.  Advantages  of  Alternating-current  Electricity  for 
Central  Stations.  Experience  has  shown  that  large  central 
plants  and  those  having  great  diversity  of  service  can  be 
operated  more  efficiently  than  smaller  plants  or  than  plants 
having  little  diversity  of  service;  hence  there  has  been 
continual  growth  in  the  economical  size  for  central  gener- 
ating stations.  There  are  now  examples  of  single  stations 
capable  of  generating  120,000  kw.;  and  plans  are  being  made 
for  still  larger  stations.  To  use  the  machinery  in  such 
plants  to  the  best  advantage  and  operate  it  at  as  steady  a 
load  as  possible,  longer  and  longer  transmission  lines  are 
being  planned. 

The  desire  to  transmit  electrical  power  as  far  as  possible 
with  a  minimum  loss  has  resulted  in  the  present  very  general 
use  of  alternating-current  electricity. 

The  reason  is  simple.  Electric  power  depends  upon  two 
factors,  current  and  voltage.  We  may  transmit  a  given 
amoimt  of  power  in  either  of  two  ways.  First,  by  means  of 
a  large  current  at  a  low  voltage;  or,  second,  by  means  of  a 
smaller  current  at  a  correspondingly  higher  voltage.  The 
smaller  the  current  used,  however,  the  smaller  will  be  the 
loss  of  power  in  transmission.  Hence,  for  long-distance 
transmission,  in  order  to  secure  a  small  loss,  we  must  use  a 
small  current  and  consequently  as  high  a  voltage  as  is  prac- 
ticable. 

In  the  case  of  direct  current,  American  engineers  have 
considered  it  undesirable  to  use  direct  current  at  high  volt- 
ages. On  the  other  hand,  alternating  current  may  be  simply 
and  inexpensively  stepped  up  from  low  voltages,  at  which 
it  may  be  generated,  to  high  voltages  at  which  it  may  be 
transmitted  over  wires;   and  then  it  may  be  stepped  down 
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again  to  whatever  voltages  are  desired  for  use.  The  instru- 
ment used  for  doing  this  is  called  a  transformer.  Such  a 
transformer  cannot  be  used  with  direct  current. 

6.  Transformer  Substations.  It  is  now  customary  to 
generate  alternating-current  electricity  in  large  central  sta^ 
tions  at  voltages  as  high  as  6000  volts  or  even  12,000  volts, 
and  alternating-current  motors  are  built  to  operate  on  volt- 
ages as  high  as  11,000  volts..  Beyond  these  limits  alter- 
nating current  becomes  troublesome  on  account  of  the 
difficulty  in  obtaining  suitable  insulation  between  the  various 
parts  of  the  machines. 

Where  high-voltage  transmission  is  required  it  is  custom- 
ary to  place  in  central  stations  step-up  transformers  which 
increase  the  voltage  from  that  at  which  the  current  is 
generated  to  whatever  voltage  may  be  desired  upon  the 
transmission  line.  This  voltage  may  be  only  a  few  thousand 
volts  or  it  may  be  as  high  as  100,000  or  even  150,000  volts, 
depending  upon  the  quantity  of  power  that  is  to  be  trans- 
mitted and  the  distance  through  which  it  must  be  sent. 
Such  transformers  are  exceedingly  compact  and  their  efl5- 
ciency  may  be  as  high  as  98  or  99  per  cent.  They  are  com- 
paratively inexpensive  and  have  no  moving  parts  to  require 
attendance. 

It  is  not  advisable  to  carry  the  full  voltage  of  the  trans- 
mission lines  into  a  town  on  account  of  the  danger  of 
contact  with  buildings  or  trees  or  with  other  electrical  con- 
ductors. Often  municipal  ordinances  forbid  it.  Therefore, 
a  transformer  substation,  situated  on  the  outskirts  of  a  town, 
is  used  to  step  down  the  voltage  from  that  used  on  the 
main  transmission  line  to  a  voltage  that  is  suitable  for  the 
distribution  of  current  to  the  different  consumers.  Voltages 
used  on  such  distributing  systems  differ  very  greatly  accord- 
ing to  circumstances.  The  voltage  may  be  several  thousand 
volts  or  it  may  be  below  1000.  A  pressure  of  2300  volts  is 
very  frequently  used.  A  portable  outdoor  transformer  sub- 
station is  shown  in  Fig.  7a.    This  station  supplied  60  kv-a. 


MODERN  SYSTEMS  OF  POWER  TRANSMISSION       13 

for  operating  machinery  durii^  the  construction  work  in  the 
Los  Alleles  Aqueduct. 

Near  the  points  where  power  is  consumed  small  trana- 
fomiers  are  used  for  stepping  down  the  volt^e  of  the  current 
in  the  distributing  system  to  110  volts,  220  volts,  550  volts, 


Fig,  76i.  A  portable  tranBform^  BUbstation,  tor  stepping  down  the 
pressure  from  33,000  volts  to  440  volts  for  operating  machinery. 
Used  in  the  construction  work  on  the  Loe  Angeles  Aqueduct.  The 
Wetti/iehouee  Mfg.  Co. 

<  or  to  whatever  other  voltage  may  be  required  by-the  lamps 

or  other  apparatus. 

'  7.  Converter  Substations.    While  a  very  large  percent- 

age, perhaps  from  90  to  95  per  cent,  of  the  electrical  power 
now  generated  in  central  stations  in  the  United  States  is 

t  generated  in  the  form  of  alternating  current,  many  applica- 

I 
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tions  of  electrical  power  require  direct  current.  Therefore, 
direct  current  must  usually  be  available  from  the  distribut- 
ing system,  even  though  alternating  current  is  required  for 
transmission. 

Fortunately  several  devices  have  been  developed  for 
"converting"  alternating  current  into  direct  current.  For 
the  conversion  of  small  amounts  of  power,  various  rectifying 
converters  are  used,  of  which  the  mercury-arc  rectifier  is  the 
most  familiar  example.  Such  devices  are  usually  connected 
to  the  distribution  line  at  each  place  where  direct-current 
power  is  to  be  used:  for  example,  at  the  garage  where  direct 
current  is  needed  to  charge  storage  batteries. 

Where  large  quantities  of  direct  current  are-  needed  to 
supply  communities,  large  manufacturing  plants  or  electric 
railways,  converter  substations  are  erected.  These  substa- 
tions contain  apparatus  for  converting  alternating  current 
at  the  high  voltage  used  on  the  transmission  line  into  direct- 
current  electricity  at  the  lower  voltage  used  by  the  appa- 
ratus of  the  consumer. 

This  conversion  of  high-voltage  alternating  current  to 
low-voltage  direct  current  is  done  in  two  stages;  the  high- 
tension  alternating-current  power  is  transformed  first  into 
alternating-current  power  of  lower  pressure  by  means  of 
the  step-down  transformers  already  referred  to;  and  then 
the  lower-pressure  alternating-current  power  is  converted 
into  direct-current  power  at  a  suitable  voltage  by  means  of 
rotating  machines,  which  may  be  of  either  of  the  two  fol- 
lowing types: 

First,  the  motor-generator  converter  shown  in  Fig.  7b,  which 
consists  of  an  alternating-current  motor  operated  by  the 
transmission  line  and  mechanically  coupled  to  a  direct- 
current  generator.  This  is  the  most  flexible  type  of  con- 
verter and  is  adaptable  to  the  greatest  variety  of  conditions. 
It  is,  however,  more  expensive  than  the  second  type  of  ro- 
tary converter. 

Second,  the  synchronous  converter  (commonly  called  the 
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roUiy  converter).  This  type  of  converter,  shown  in  Fig.  7c, 
does  practically  all  of  the  work  of  a  motor-generator  con- 
verter. It  has,  however,  only  one  armature  and  only  one 
field  structure.  It  is  correspondingly  less  flexible.  It  is, 
however,  also  less  expensive  and  usually  more  efficient. 


Fjg.  7b.    A  converter  substation  containing  motor-generator  i 
[or  the  purpose  of  converting  the  alternating-current  Qowcr  to  direct- 
current  power  to  be  used  by  locomotives  in  the  Detroit  Tunnel. 

8.  Altematmg-current  Sjrstem  for  Short  TransmissiODs 
Requiring  no  Step-up  Transformers.  An  old  empirical  rule, 
which  has  no  definite  scientific  basis  but  which  gives  satis- 
factory results  within  reasonable  limits,  states  that  the  proper 
transmission-line  pressure  should  be  about  1000  volts  for  each 
mile  in  length  of  the  line;  for  instance,  2300  volts  may  well 
be  used  to  transmit  current  within  a  radius  of  about  two 
miles  from  the  central  station. 
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In  many  stations  C600  volts,  or  6900  volts,  has  been 
adopted  as  a  satisfactory  torniiual  pressure  of  the  genera- 
tors.    When  transmitting  power  not  over  five  or  six  miles, 


Fig.  7c.  A  converter  aubHtstion  containing  Bynchronous  converters. 
Note  that  no  separate  motor  is  required  to  drive  such  a  converter. 
The  General  Electric  Co. 

therefore,  the  lines  may  readily  be  fed  directly  from  the 
generators  or  from  the  t)us-bars  on  the  main  switchboard, 
to  which  a  number  of  generators  in  parallel  deliver  their 
output. 


MODERN  SYSTEMS  OF  POWER  TRANSMISSION       17 

When  lines  are  operated  at  a  pressure  not  greater  than 
this,  step-up  transformers  and  transformer  substations  are 
usually  considered  unnecessary,  and  the  small  distributing 
transformers,  which  supply  the  various  services  of  individual 
consumers,  are  attached  directly  to  the  transmission  line.     A 
typical  example  of  such  an  alternating-current  distributing 
system  is  shown  in  Fig.  8a.    This  represents  the  usual  three- 
phase  installation  using  three  wires  for  each  circuit. 
"A"         The  main  generator  A  is  connected  directly  to  the 
three-phase  transmission  line.     The  alternating-cur- 
rent generator  must  have  its  field  magnets  excited 
from  a  separate  source  of  direct  current,  usually  from 
a  small  compound-wound   direct-current   generator 
driven  from  an  independent  source  (in  this  instance 
by  a  belt  on  the  pulley  X). 
"B"         A  three-wire  three-phase  transmission  line  is  rep- 
resented in  the  figure  by  the  three  lines  B,  B,  B.     To 
the   transmission   line   are   attached   the   following 
service  equipment. 
"C"         A    three-phase    alternating-current    synchronous 
motor  or  induction  motor  wound  to  operate  properly 
at  the  full  line  voltage.      The  motor  load  is  not 
shown,  but  it  may  be  either  a  mechanical  or  an  elec- 
trical machine. 
"D"        A  number  of  single-phase  transformers  connected 
to  the  three-phase  transmission  line,  stepping  down 
the  voltage  to  a  value  suitable  for  small  three-phase 
motors  and  incandescent  lamps. 
"E"         "A  Tub   Transformer"  or  a  *' Constant-current 
transformer"    connected   to  a  series-arc  or  series- 
tungsten  lamp  circuit  such  as  is  usually  employed 
for  street  lighting.     This  transformer  takes  power 
from  one  phase  of  the  three-phase  line  as  a  variable 
current  at  constant  voltage.     It  delivers  power  to  the 
seriei^lamp  circuit  as  a  constant  alternating  current 
at  a  variable  voltage  depending  upon  the  resistance 
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of  the  lamp  circuit.     If  the  lamps  are  of  the  type  that 
demands  direct  current,  a  mercury-arc  rectifier  may 
be  combined  with  the  tub  transformer,  thus  convert- 
ing constant  alternating  current  into  constant  direct 
current. 
"F"        A  single-phase  distributing  transformer  connected 
to  one  phase  of  the  three-phase  transmission  line. 
A  three-wire  constant-voltage  lamp  circuit  is  shown 
connected  to  the  terminals  of  the  low-tension  coils. 
Lighting  is  always  done  on  a  single  phase.     Various 
lighting  circuits  are  so  connected  to  the  transmission- 
line  wires  that  the  three  phases  of  the  transmission  line 
are  as  nearly  equally  loaded,  or  balanced,  as  possible. 
"G"        A  set  of  three  single-phase  transformers  stepping 
down  the  voltage  to  a  value  suitable  for  the  low- 
voltage  synchronous  converter  Y  which  is  being  used 
to  convert  the  three-phase  alternating  current  into  di- 
rect current  for  distribution  on  a  three-wire  lighting 
and  power  system. 
9.  Alternating-current  Systems  for  Long-distance  Trans- 
mission   where    Step-up    Transformers    are    Required. 
Where  the  transmission  of  electric  power  must  be  made  to 
distances  greater  than  about  five  or  six  miles  or  at  voltages 
higher  than  from  6600  to  11,000  volts,  the  system  is  usually 
increased  by  the  addition  of  step-up  or  central-station  trans- 
formers and  also  transformer  substations.    A  typical  long- 
distance system  of  this  type  is  illustrated  diagrammatically 
in  Fig.  8b.     This  includes  the  following  principal  items  of 
equipment. 

''A"  A  main  central-station  generator  generating  three- 
phase  alternating  current  at  a  voltage  of  between 
6000  and  11,000  volts. 
"B"  A  set  of  step-up  or  station  transformers  so  con- 
nected to  the  main  generator  as  to  raise  the  pressure 
of  the  alternating-current  generator  to  the  value  re- 
quired on  the  transmission  line. 
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C"  A  three-wire  three-phase  transmission  line  C,  C,  C. 
"D"  A  transformer  substation  consisting  of  three  single- 
phase  transformers  connected  to  the  three-phase 
high-tension  transmission  line.  These  transformers 
supply  current  to  a  set  of  three  three-phase  distribu- 
tion wires  E,  E,  E,  at  a  voltage  of  perhaps  2300  volts 
between  any  tw^o  wires  or  across  any  one  phase. 

A  variety  of  apparatus  may  be  connected  to  the 
distributing  system  E,  E,  E,  either  through  small 
transformers  or  directly  to  the  line.  The  figure 
shows  a  small  three-phase  induction  motor  operated 
through  transformers  at  a  voltage  of  230  volts,  a 
system  of  incandescent  lamps  at  a  voltage  of  115 
volts,  a  larger  motor  operating  directly  on  the  distrib- 
uting line  at  2300  volts,  and  a  three-wire  alternat- 
ing-current incandescent  lighting  system  operating 
at  115-230  volts  through  a  small  transformer. 
G*'  A  converter  substation  consisting  of  two  distinct 
parts;  first,  step-down  transformers  used  for  reducing 
the  pressure  from  the  high-tension  transmission  line 
to  a  value  suitable  to  drive  a  synchronous  converter; 
second,  a  synchronous  converter  changing  alternat- 
ing-current to  direct-current  electricity. 

In  this  case  the  direct-current  output  of  the  con- 
verter substation  is  used  for  operating  a  suburban 
railway.  It  might  also  be  distributed  to  a  town  for 
a  great  variety  of  purposes. 


SUMMARY  OF  CHAPTER  I 

POWER  is  obtained  from  coal,  oil  and  water,  by  the  use  of 
prime  movers  in  the  form  of  steam  engines,  gas  engines  and 
water  wheels. 

CENTRAL  POWER  STATIONS  are  estabUshed  because  it 
is  inefficient  to  place  a  prime  mover  at  each  place  where  a  small 
amount  of  power  is  required. 

CENTRAL  STATIONS  ARE  ELECTRICAL  because  elec- 
trical power  can  be  transmitted  more  cheaply  and  more  con- 
veniently and  turned  to  a  greater  number  of  uses  than  any 
other  form. 

THE  LOCATION  of  these  power  stations  is  as  near  the 
center  of  the  region  to  be  served  as  possible.  Water  wheels, 
however,  must  be  located  near  the  waterfall. 

ALTERNATING  CURRENT  is  generated  by  these  central 
stations  because  remarkably  efficient  machinery  has  been  de- 
vised for  ** stepping  up"  the  voltage  and  getting  the  great 
advantage  of  transmitting  at  high  voltage.  The  same  machine, 
a  transformer,  "steps  down"  the  voltage  allowing  it  to  be 
used  at  a  low  pressure.  Transformers  will  not  operate  on 
direct  current. 

CONVERTER  SUBSTATIONS  are  placed  at  points  along 
the  transmission  line  where  a  large  amount  of  direct  current 
is  needed,  and  synchronous  converters  or  motor-generators 
are  installed  which  change  the  alternating  current  to  direct 
current.  For  converting  a  small  amount  of  alternating-current 
power  to  direct-current,  a  mercury-arc  rectifier  is  generally 
used. 

TRANSFORMER  SUBSTATIONS  are  erected  wherever  it 
is  desirable  to  step  down  from  the  transmission  voltage  of 
between  22,000  and  140,000  volts  to  a  city  circuit  usually  of 
about  2300  volts,  for  the  sake  of  greater  safety  to  himian  life. 
At  the  immediate  points  where  the  power  is  to  be  used,  small 
individual  transformers  change  this  2300  volts  to  the  500,  220 
or  no  volts  desired. 

SHORT  TRANSMISSION  SYSTEMS  for  transmitting 
power  six  miles  or  less  consist  of  an  alternating-current  gen- 
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erator  of  from  4ooo  to  ii,ooo  volts,  connected  directly  to  the 
line.  At  the  receiving  end  of  the  line,  synchronous  motors, 
induction  motors  or  converters  may  also  be  attached  directly 
to  the  line.  By  attaching  transformers  to  the  line,  snudl 
motors,  incandescent  lamps  and  arc  lights  may  be  run  at  their 
proper  low  voltage. 

LONG  TRANSMISSION  SYSTEMS  are  those  which  trans- 
mit power  more  than  five  or  six  miles.  The  generator  delivers 
6600  to  11,000  volts,  but  this  is  ''stepped  up"  by  station 
transformers,  sometimes  as  high  as  150,000  volts,  before  it  is 
delivered  to  the  line.  Wherever  power  is  to  be  used,  either  a 
transformer  substation  or  a  converter  substation  is  erected. 
The  former  by  means  of  transformers  "steps  down"  the 
voltage  to  about  2300  volts  for  distribution  of  alternating- 
current  power  over  a  small  area.  The  latter  has  a  synchronous 
converter  in  addition  to  the  transformers  and  delivers  direct- 
current  power  to  a  limited  area. 


PROBLEMS   ON   CHAPTER  I 

Prob.  1-1.  In  a  certain  coal  mine  there  is  a  vein  of  hard  coal 
40  ft.  wide,  5  ft.  deep  and  1200  ft.  long.  This  coal  averages 
13,200  B.t.u.  per  pound. 

(a)  How  many  foot-pounds  of  energy  are  there  in  this  vein? 

(6)  How  many  horse  power-hours? 

Prob.  2-1.  A  certain  factory  requires  250  h^se  power  to  oper- 
ate it.  How  long  would  the  coal  in  the  vein  in  rroblem  1  operate 
this  factory?  Assume  25  per  cent  loss  in  handling  the  coal,  and 
that  the  boiler  and  engine  use  only  15  per  cent  of  the  energy  in  the 
coal.    Factory  nms  9  hours  per  day,  6  days  a  week. 

Prob.  8-1.  How  many  kilowatts  are  required  to  illuminate  a 
schoolhouse  having  50,000  sq.  ft.  of  floor  space?  The  average 
power  required  b  1.5  watts  per  sq.  ft. 

Prob.  4-1.  Assuming  that  the  generator  of  Problem  3  has  an 
efficiency  of  80  per  cent,  how  many  tons  of  soft  coal  per  week  of 
25  hours  are  needed  to  illuminate  the  school  building  of  Problem 
3?  The  coal  averages  13,000  B.t.u.  per  lb.  and  12  per  cent  of  this 
IS  turned  into  mechanical  energy  by  the  boiler  and  steam  engine. 
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Prob.  fhl.  If  it  requires  2.2  lb.  of  coal  per  hour  to  produce 
one  horse  power  in  a  good  modem  steam  power  plant,  how  many 
tons  of  coal  per  day  of  15  hr.  are  used  by  a  power  plant  delivering 
25,000  h.p.? 

Prob.  6-1.  Compute  the  number  of  pounds  of  coal  needed 
per  kilowatt-hour  on  the  basis  stated  in  Problem  4. 

Prob.  7-1.  A  certain  oil  well  flows  2000  barrels  of  oil  per  day. 
If  this  is  burned  imder  a  boUer,  how  many  horse  power  will  it 
develop  continuously?  Assume  that  1  lb.  of  oil  contains  17,000 
B.t.u.  of  which  15  per  cent  is  available  by  this  method  of  using 
the  oil. 

Prob.  8-1.  One  barrel  of  the  oil  of  Problem  7  is  equivalent  in 
heat  value  to  how  many  pounds  of  the  coal  of  Problem  1? 

Prob.  ^1.  How  many  barrels  of  oil  per  day  will  a  locomotive 
use  when  developing  1200  h.p.  if  only  6  per  cent  of  the  energy  in  the 
oil  is  available?    Assume  that  the  locomotive  runs  6  hours  per  day. 

Prob.  10-1.  How  many  tons  of  coal  per  day  will  the  locomo- 
tive of  Problem  9  use  under  the  same  conditions? 

Prob.  11-1.  If  it  requires  9  barrels  of  crude  oil  per  day  of  10 
hr.  to  nm  a  250-kw.  plant  at  rated  load,  what  per  cent  of  the 
energy  in  the  fuel  is  available  by  the  method  used? 

Prob.  12-1.  The  Big  Creek  reservoir  of  the  Pacific  Light  and 
Power  Co.  is  4.5  miles  long,  |  mile  wide  and  has  an  average  depth 
of  34  ft.  The  efiFective  height  of  the  reservoir  above  the  water 
wheel  is  1900  ft. 

(a)  How  many  f oot-poimds  of  energy  are  stored  in  this  reservoir? 

(6)  How  many  horse  power-hours? 

Prob.  lS-1.  To  how  many  tons  of  coal  averaging  14,000  B.t.u. 
per  pound  is  the  water  in  the  reservoir  of  Problem  12  equivalent, 
from  the  energy  standpoint? 

Prob.  14-1.  The  power  plants  in  connection  with  the  reser- 
voir of  Problem  12  contain  six  water  wheels  of  20,000  h.p.  each. 
How  many  days  would  the  water  in  the  reservoir  alone  operate 
these  wheels,  assuming  that  the  average  load  is  one-half  the  capac- 
ity of  the  plants  and  that  the  efficiency  at  this  load  is  80  per  cent? 

Prob.  15-1.  If  the  water  wheels  had  only  the  head  of  the 
Keokuk  plant,  32  ft.,  how  long  would  the  plant  run  under  the  con- 
ditions of  Problem  14? 

Prob.  16-1.  How  many  kilowatts  can  be  delivered  by  the  power 
plant  of  Problem  14  operating  at  full  load?  Assiune  an  efficiency 
of  95  per  cent  for  the  electric  generator. 
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Prob.  17-1.  How  many  barrels  of  oil  per  month  would  be  re- 
quired to  deliver  the  same  power  as  the  water  wheels  in  Problem  14? 
Assume  the  oil  to  be  burned  under  boilers  as  in  Problem  7. 

Prob.  18-1.  The  highest  recorded  efficiency  for  water  turbines 
was  attained  by  the  four  6000-horse  power  wheels  at  New  River, 
Va.  Under  a  head  of  49  ft.,  an  efficiency  of  93.7  per  cent  was 
secured.  What  flow  of  water  was  necessary  under  these  condi- 
tions? 

Prob.  19-1.  What  horse  power  will  a  water  turbine  develop 
when  operating  under  a  head  of  40  ft.  and  taking  20,000  cu.  ft.  of 
water  per  minute?    Efficiency  of  the  turbine  is  80  per  cent. 

Prob.  20-1.  In  the  Mississippi  River  hydro-electric  develop- 
ment at  Keokuk,  Iowa,  there  are  15  turbines  each  having  a  normal 
rating  10,000  h.p.  based  on  a  head  of  32  ft.  Under  these  condi- 
tions they  operate  at  an  efficiency  of  about  88  per  cent;  What  is 
the  flow  of  water  through  them? 

Prob.  21-1.  At  full  load  the  generators  attached  to  the  tur- 
bines in  Problem  20  have  a  guaranteed  efficiency  of  96.3  per  cent. 
How  many  kilowatts  can  each  generator  deliver  imder  these  con- 
ditions?   Data  from  General  Electric  Review. 

Prob.  22-1.  In  the  Gatun  hydro-electric  development  shown 
in  Fig.  3a,  3b  and  3c,  there  ar^  three  Pelton-Francis  turbines,  each 
having  a  capacity  of  3600  horse  power  when  operating  imder  an 
effective  head  of  75  ft.  The  total  flow  of  water  through  the  pen- 
stocks is  90,000  cu.  ft.  per  min.  What  is  the  efficiency  of  the 
turbines  under  these  conditions? 

Prob.  23-1.  Each  generator  attached  to  the  turbines  in  the 
Gatun  plant  has  a  guaranteed  efficiency  of  95.1  per  cent  when 
delivering  2000  kw.  What  horse  power  must  each  turbine  develop 
under  these  conditions?    Data  from  General  Electric  Review. 

Prob.  24-1.  Assimiing  an  efficiency  of  83  per  cent  for  the  tur- 
bines in  Prob.  23,  how  much  water  per  minute  must  be  supplied  to 
each  machine  at  an  effective  head  of  75  feet? 

Prob.  26-1.  At  the  average  rate  of  $3.00  per  ton,  what  is  the 
fuel  cost  of  producing  one  kilowatt-hour,  on  the  basis  of  Problem  4? 

Prob.  26-1.  Assumie  the  following  conditions  in  a  good  gas- 
producing  plant: 

The  producer  delivers  75  per  cent  of  the  energy  in  the  coal  to  gas 
engine. 
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The  gas  engine  converts  35  per  cent  of  this  energy  into  mechan- 
ical energy  of  the  piston. 
The  piston  delivers  90  per  cent  of  this  energy  to  the  shaft. 
What  is  the  overall  efficiency  of  the  gas-producer  plant? 

Prob.  27-1.  At  $2.50  per  ton  for  coal  averaging  14,000  B.t.u., 
what  will  it  cost  for  fuel  per  year  of  3000  hr.  to  operate  a  100-kw. 
electric  generator  with  a  gas-producer  engine?  Generator  has  an 
efficiency  of  90  per  cent  and  producer  plant  data  as  m  Problem  26? 

Prob.  28-1.  A  70-h.p.  Diesel  engine  showed  on  test  that  it 
delivered  41.7  per  cent  of  the  energy  in  the  oil  to  the  piston.  Effi- 
ciency of  engine  from  piston  to  pulley  90  per  cent.  At  2  cents  per 
gallon  (7.6  lb.)  for  oil,  how  much  more  or  less  expensive  per  year 
of  3000  hr.  would  it  be  to  use  a  70-h.p.  electric  motor  of  80  per  cent 
efficiency  instead  of  the  Diesel  engine?  Electricity  costs  4  cents  per 
kw-hr.  (This  is  not  fair  to  the  motor,  as  the  oil  engine  would  prob- 
ably require  much  more  attendance.)    1  lb.  of  oil  =  14,500  B.t.u. 

Prob.  29-1.  In  a  typical  hydro-electric  plant  there  is  an  effec- 
tive head  of  80  ft.  and  an  average  flow  of  120,000  cu.  ft.  per  min.  of 
water  through  the  penstocks.  The  turbines  have  an  efficiency  of 
89  per  cent.  The  direct-connected  generators  have  an  efficiency 
of  96  per  cent.    How  much  power  can  the  generators  deliver? 

Prob.  80-1.  The  electric  power  from  the  central  station  of 
Problem  29  is  transmitted  over  a  high  voltage  system,  the  effi- 
ciencies of  the  separate  parts  of  which  are  as  follows:  Step-up 
and  step-down  transformers  98  per  cent  each;  transmission  hne, 
95  per  cent;  rotary  converters,  94  per  cent.  How  much  power 
may  be  delivered  at  the  converter  substation? 

Prob.  81-1.  A  test  was  made  in  the  shafts  and  belting  of  a  cer- 
tain machine  shop  eight  stories  high.  A  jack  shaft  on  each  floor  is 
connected  by  belts  to  the  engine  shaft.  When  the  shop  was  running 
at  full  load  the  sum  of  the  power  being  delivered  by  the  several 
jack  shafts  was  196.7  h.p.    The  engine  was  delivering  257.2  h.p. 

(a)  What  horse  power  was  lost  in  the  jack  shafts  and  belting? 

(6)  What  was  the  efficiency  of  the  jack  shafts  and  belting? 


CHAPTER  II 
INTRODUCTION 

Before  beginning  a  detailed  study  of  alternating-current 
machines  and  circuits,  and  the  essential  principles  that  we 
must  understand  in  order  to  work  intelligently  with  themi  jit 
is  desirable  to  comprehend  in  a  general  way  the  entire  system 
of  which  each  machine  and  circuit  is  a  part.  This  will 
assidt  us  in  understanding  the  physical  relationships  and  the 
importance  of  the  parts  to  one  another  and  to  the  whole 
system. 

Effects  follow  causes  so  quickly  in  electrical  circuits  that 
any  one  who  expects  to  operate  electrical  equipment  with 
safety  should  fortify  himself  with  a  thorough  knowledge  of 
all  the  parts  of  the  system  and  their  interdependence  upon 
one  another,  just  as  a  surgeon  should  know  the  structure 
of  the  human  body  and  the  functions  of  all  its  organs  before 
he  assumes  the  responsibility  of  performing  a  surgical  oper- 
ation. The  closing  or  opening  of  a  switch  too  soon,  or  too 
fast,  or  in  the  wrong  place  may  result  in  the  interruption  of 
service,  the  breaking  of  machinery  or  the  sacrifice  of  human 
life.  Therefore,  the  operating  electrician  must  know  the 
workings  of  the  various  parts  of  the  system  so  accurately 
that  he  will  instantly  recognize  or  anticipate  the  electrical 
effects  that  will  follow  any  action,  at  whatever  point  in  the 
system  they  may  appear. 

There  is  nothing  especially  difficult  about  understanding 

alternating-current  phenomena,  provided  the  student  fully 

grasps  a  few  simple  conceptions  regarding  the  nature^of  an 

alternating  current  and  the  way  in  which  it  differs  from  a 
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direct  current.    The  most  important  of  these  ideas  are  the 
following: 

Current.  Alternating-current  electricity  differs  from  direct-cur- 
rent in  one  important  particular  only.  It  is  not  a  uniform  contin- 
uous flow.  In  the  typical  case,  the  current  flows  back  and  forth 
along  the  conductors,  first  in  one  direction  and  then  in  the  other, 
very  much  as  a  penduliun  swings.  The  current  starts  at  zero, 
increases  gradually  to  a  maximum  in  one  direction  and  then  gradu- 
ally decreases  again  until  it  becomes  zero,  when  it  starts  to  increase 
again,  but  in  the  opposite  direction:  increasing  to  a  maximum  and 
decreasing  to  zero.  A  graphical  illustration  of  this  alternate  in- 
crease and  decrease  of  current  flowing  in  one  direction  and  then  in 
the  other  is  found  in  Fig.  37a  on  page  52.  It  is  most  important 
for  the  student  to  get  a  very  clear  idea  of  exactly  the  way  in  which 
the  current  surges  back  and  forth. 

VoUage.  The  electromotive  force  or  voltage,  which  causes  the 
flow  of  current  in  this  case,  of  course,  varies  too.  It  also  starts  at 
zero  and  increases  to  a  maximum  and  decreases  and  becomes  nega- 
tive in  just  the  same  way  that  the  current  does.  It  is  important 
for  the  student  to  remember,  however,  that  the  maximum  current 
and  the  maximum  voltage  may  not  occur  at  exactly  the  same 
instant. 

As  both  current  and  voltage  are  variables  and  not  constants, 
we  cannot  add  them  together  in  the  same  way  that  we  do  in  the 
case  of  direct  currents.  In  the  case  of  two  alternating  currents  it 
may  be  that  the  maximum  flow  in  one  direction  of  one  current  does 
not  occur  at  the  same  instant  as  the  maximum  flow  in  the  same 
direction  of  the  other  current.  It  is  conceivable  that  they  might 
even  exactly  oppose  each  other.  We  must  always  know  accu- 
rately what  the  relation  (i.e.,  the  instantaneous  magnitude  and 
direction)  is  at  any  instant  in  order  that  we  may  add  the  two  cur- 
rents at  that  instant.  At  any  particular  instant,  however,  we  add 
alternating  currents  just  as  direct  currents  are  added. 

Polyphase  Currents.  If  we  add  together  two  similar  currents 
that  have  their  maximum  flow  occurring  in  the  same  direction  at 
the  same  instant,  we  would  get  a  single  alternating  current  of 
twice  the  amperage  of  either  of  the  original  currents.  But,  if  we 
add  the  currents  in  the  several  wires  of  a  commercial  polyphase 
system,  we  will  not  get  a  current  equal  to  the  arithmetical  sum  of 
amperage  in  all  the  wires,  because  in  the  wires  of  such  a  conmier- 
cial  system  the  maximum  currents  do  not  occur  at  the  same 
time. 
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Power,  In  alternating  currents,  just  as  in  direct  currentSy  the 
power  at  any  given  instant  consists  of  the  product  of  the  current 
that  is  flowing  at  that  given  instant  by  voltage  at  the  same  instant. 
But  in  alternating  current  both  the  flow  and  the  pressure  are 
variables  and,  therefore,  we  cannot  multiply  the  maximum  flow  by 
the  maximum  voltage.  The  power  in  an  alternating-current  cir- 
cuit will  always  be  the  product  of  the  effective  flow  of  current 
times  some  voltage  that  is  between  the  maximum  voltage  and  the 
zero  voltage. 

Resistance,  In  an  alternating  current,  Ohm's  Law  applies  ex- 
actly as  it  does  in  a  direct  current,  and  the  drop  of  voltage  due  to 
resistance  over  a  given  distance  in  a  given  wire  at  a  given  instant 
may  be  figured  by  the  usual  formula  provided  we  use  the  instan- 
taneous flow  of  ciurent  that  is  occurring  at  the  instant.  As  the 
current  is  constantly  varying,  of  course  the  drop  in  voltage  to  the 
end  of  the  line  is  varying  in  a  similar  way. 

Reactance.  In  studying  direct-current  electricity  we  learned  that 
a  change  in  flow  of  current  in  one  circuit  produces  a  tendency  toward 
a  flow  of  current  in  any  adjacent  circuit.  This  phenomenon  is 
called  "Induction."  In  an  alternating-current  circuit  there  is  a 
perpetual  change  of  flow.  Consequently,  there  is  a  perpetual  tend- 
ency to  cause  induction  in  every  adjacent  circuit;  and  further- 
more, each  wave  of  ciurent  as  it  surges  back  and  forth  in  a  single 
circuit  produces  a  similar  effect  on  the  impulses  that  have  preceded 
it  in  the  same  circuit.  This  effect  retards  the  flow  of  current  and 
produces  a  decrease  in  voltage  at  the  other  end  of  a  transmission 
line  somewhat  similar  to  the  drop  due  to  the  resistance  of  the  wire. 

Impedance.  The  effective  sum  of  these  hindrances  to  the  flow 
of  an  alternating  current  in  a  line,  due  to  what  we  may  call  its 
"Ohm's-law"  resistance  and  its  "Reactance,"  is  called  the  "Im- 
pedance" of  the  line. 

K  the  student  will  try  to  visualize  accurately  each  of  the 
above  seven  principles  and  will  get  himself  into  the  habit  of 
thinking  of  the  variable  quantities  of  current,  voltage  and 
power  as  they  increase  and  decrease,  and  will  practice  dealing 
with'  them,  adding  together  and  subtracting  the  currents  and 
the  voltages,  etc.,  under  all  sorts  of  different  conditions,  he 
will  find  that  the  diflSculty  and  confusion  often  found  by 
students  who  have  failed  to  get  a  clear  idea  of  these  funda- 
mental notions,  have  entirely  disappeared. 


CHAPTER  II 

ALTERNATING  CURRENTS.     FUNDAMENTAL  IDEAS 

Before  taking  up  the  several  principles  of  alternating- 
current  generation,  distribution  and  use,  it  is  necessary  that 
the  student  should  be  familiar  with  the  alternating  currents 
and  pressures  themselves  and  with  the  methods  of  meas- 
uring and  c<nnputJng  th^  value. 


Fig.  9.    Engiiie-driven  'vatvelesB  ptuop  with  slotted  yoke.    The  wAter 
surges  back  and  forth  through  the  pipe. 

10.  Cycle.  Frequency.  An  alternating  current  of  elec- 
tricity differs  in  no  respect  from  a  direct  current,  except 
that  instead  of  fiowing  continuously  in  one  direction,  it 
periodically  reverses  the  direction  of  its  flow.  In  the  best 
practice  at  the  present  time,  an  alternating  current  reverses 
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either  50  times  a  second,  or  120  times  a  second.    In  a  few 
installations  the  reversals  take  place  80  times  a  second. 

If  we  liken  the  flow  of  a  direct  current  to  the  flow  of 
water  in  a  river,  we  may  liken  the  flow  of  an  alternating 
current  to  the  ebb  and  flow  of  the  tide  in  a  narrow  charmel. 
The  tide  periodically  reverses  the  direction  of  its  flow  once 
about  every  6^  hours  or  about  4  times  a  day.  A  better  idea 
of  this  ebb  and  flow  of  an  alternating  current  can  be  gained 
from  a  study  of  the  engine-driven  pump,  Fig.  9. 


Fig.  10.  Skeleton  diagram  of  valveleeB  pump.  The  direction  of  the 
piston  motion  at  any  instant  depends  upon  the  position  of  the  crank 
at  that  instant. 

As  the  valveless  piston  is  moved  back  and  forth  in  the 
cylinder,  the  water  which  completely  fills  the  system  is 
made  to  surge  back  and  forth  throughout  the  entire  circuit 
of  pipe  and  cylinder.  The  number  of  times  the  direction 
of  flow  changes  per  minute  depends  upon  the  number  of 
revolutions  per  minute  made  by  the  crank  shaft  driving 
the  piston.  Asstune  the  crank  shaft  to  rotate  at  a  uniform 
speed  in  the  direction  marked  in  Fig.  10  and  11,  which  are 
skeleton  diagrams  of  the  pump  in  Fig.  9.  It  is  seen  that  the 
direction  of  flow  in  the  pipe  at  any  given  instant  depends 
upon  the  position  of  the  crank  at  that  instant. 
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It  is  also  easy  to  see  that  as  the  crank  pm  passes  through 
the  pomts  C  and  C\  the  piston  is  at  a  standstill  and  no  cur- 
rent is  flowing.  When  the  crank  pin  is  passing  through  the 
points  m  and  mi,  the  piston  is  moving  at  the  maximum  rate 
and  the  greatest  current  is  flowing  around  through  the  pipes. 
In  Fig.  10  the  crank  pin  has  just  passed  the  dead  or  neutral 
point  C,  and  the  piston  is  traveling  to  the  left,  forcing  the 
water  around  the  circuit  in  a  clockwise  direction.  In  Fig.  11 
the  crank  has  just  passed  through  the  neutral  point  C\  and 
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Fig.  11. 


The  crank  has  moved  into  a  new  position,  such  that  the  pis- 
ton motion  is  reversed. 


the  piston  has  started  back  and  is  traveling  to  the  right. 
The  direction  of  the  flow  of  the  water  has  also  reversed, 
and  is  now  counter-clockwise  around  the  pipe  system. 
Note  that  in  each  revolution  of  the  crank  there  are  two 
neutral  points  (C  and  Ci)  at  which  the  piston  is  not  moving 
and  no  current  is  flowing;  and  also  two  maximum  points 
(m  and  mi)  at  which  the  piston  is  moving  the  fastest,  and  the 
greatest  current  is  flowing.  At  all  times,  however,  the  crank 
shaft  is  revolving  in  the  same  direction  and  at  the  same  speed. 
The  flow  of  the  water  in  the  above  system  is  a  fair  picture 
of  what  happens  in  an  electric  alternating-current  system. 
The  current  starts  flowing  in  one  direction,  rises  to  a  maxi- 
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mum  value,  dies  out  and  stops  flowing  for  an  instant.  Then 
it  starts  flowing  in  the  opposite  direction,  rising  to  a  maximum 
value,  and  dying  out  until  it  stops  again.  This  sequence 
of  events  is  called  a  cycle.  Note  that  in  each  cycle  there 
are  two  instants  when  the  current  is  zero  (that  is,  when  it 
stops  flowing)  and  two  instants  when  the  current  is  flowing 
at  the  greatest  rate.  The  number  of  times  the  current  goes 
through  this  cycle  each  second  is  called  the  frequency.  The 
usual  frequencies  of  electrical  machines  in  commercial  use 
are  25  cycles  per  second,  and  60  cycles  per  second.  Systems 
using  these  frequencies  are  usually  spoken  of  as  25-cycle 
and  60-cycle  systems. 

11.  Relation  of  Current  at  any  Instant  to  Crank  Position. 
Referring  again  to  the  engine-driven  pump  of  Fig.  10,  we 
have  seen  that  the  speed  and  the  direction  of  the  piston  motion 
at  any  instant  depends  upon  the  position  of  the  crank  at  that 
instant.  Accordingly,  we  have  said  that  the  amount  and 
direction  of  current  in  the  pipe  system  at  any  instant  de- 
pends upon  the  position  of  the  crank  at  that  instant. 

Let  us  call  OC  the  "zero"  position  of  the  crank.  It  will 
be  foimd  that  when  a  slotted  yoke  is  used,  as  in  this  case, 
the  speed  of  the  piston  at  any  instant  is  proportional  to  the 
sine  *  of  the  angle  0,  which  the  crank  is  making  at  that  in- 
stant with  the  zero  position. 

Thus,  when  the  crank  is  at  Oilf ,  it  is  at  an  angle  of  90°  to 
the  zero  position  OC,  and  the  piston  is  now  moving  at  the 
fastest  speed  and  the  greatest  clockwise  current  is  flowing. 
Let  us  assiune  this  greatest  current  to  be  100  gal.  per  minute. 
When  the  crank  has  just  reached  the  position  OX  and  is 
making  an  angle  of  only  25°  with  the  zero  position,  then 
only  a  certain  fraction  of  the  100  gal./min.  is  being  forced 
through  the  pipe.  This  fraction  will  be  foimd  to  be  equal 
to  the  sine  of  the  angle  25°,  or  0.423.  Thus,  the  current 
at  that  instant  would  be  0.423  of  100  gal/min.,  or  42.3 
gaL/min. 

*  See  Appendix  A  on  Trigonometry. 
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This  may  be  stated  as  a  general  rule: 

The  current  at  any  instant  equals  the  product  of  maximum 
current  times  the  sine  of  the  angle  which  the  crank  is  mfliring 
with  the  zero  position  at  that  instant.  This  assumes  the  crank 
shaft  to  rotate  at  a  constant  speed. 

This  rule  will  be  found  to  be  verified  when  the  following 
problems  have  been  worked  out. 

If  we  wish  to  write  this  relation  in  the  form  of  an  equation: 

Let  Im  =  maximum  current  in  gal./min. 

I  =  current  at  any  instant  in  gal./min. 

<t>  =  angle  which  crank  makes  with  zero  position. 
Then 

1  =  /m  sin  4>, 

Example  1.  What  is  the  current  in  the  pipe  system  in  Fig.  10 
when  the  crank  is  at  an  angle  of  65°  with  the  zero  position? 

i  =  Im  sin  0 
i  =  100  sin  65** 

=  100  X  0.906 

=  90.6  gal./min. 

Prob.  1-2.    Assume  constant  speed  for  crank  shaft. 

If  the  maximum  current  in  pipe  system  of  Fig.  9  is  25  gal. /sec., 
what  is  the  current  when  the  crank  is  at  the  45°  position? 

Prob.  2-2.  (a)  What  is  the  cmrent  in  Prob.  1  when  the  crank 
is  at  the  105°  position?  (6)  Is  it  clockwise  or  counter-clockwise  in 
the  pipe  system? 

Prob.  3-2.  (a)  What  current  will  flow  in  the  system  of  Fig.  11, 
if  0  equals  220°,  and  the  maximum  current  is  50  ^./sec.?  (6)  Will 
current  be  clockwise  or  counter-clockwise?  (Note  that  the  sine  of 
angles  between  180°  and  360°  is  negative.     See  Appendix  A.) 

Prob.  4-2.  (a)  What  current  will  flow  in  circuit  of  Ptob.  3 
when  the  crank  is  at  the  300°  position?  (6)  Clockwise  or  counter- 
clockwise? 

Prob.  6-2.  If  the  crank  turns  at  the  rate  of  120  revolutions  per 
minute,  what  is  the  frequency  of  the  alternating  current  produced 
through  the  pipes,  in  cycles  per  second? 

Prob.  6-2.  Consider  a  pump  of  such  size  that  1  inch  move- 
ment of  the  piston  displaces  3.18  gallons  of  water,  the  stroke  of  the 
piston  being  10  inches.  The  piston  is  joined  to  the  crank  by  a 
slotted  yoke  as  shown  in  Fig.  9.  The  crank  rotates  uniformly  at 
the  rate  of  60  rev.  per  min.  By  graphical  construction  aiid  also 
by  trigonometric  table  find: 
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(a)  The  distance  moved  by  the  piston  as  the  crank  moves  from 
a  position  29°  off  dead  center,  to  a  position  31°  ofif  dead  center 
(average  position,  30°  ofif  center) :  also, 

(6)  The  piston  displacement  as  the  crank  moves  from  89°  to 
91°  (average  position  90°). 

(c)  Calculate  the  flow  in  gallons  per  second  through  the  circuit 
for  each  case. 

((f)  Calculate  the  numerical  value  of  the  ratio 

(av.  rate  of  flow,  gal,  per  second,  during  movement  from  29^  to  31°\ 
av.  rate  of  flow,  gal.  per  second,  during  movement  from  89°  to  91°/ 

From  a  table  of  sines,  find  the  numerical  value  of  the  ratio 

/sine  of  30°\ 

Vsine  of  90°/ ' 
Draw  conclusions. 

Prob.  7-2.    As  in  Prob.  6,  calculate  the  numerical  value  of  the 
/av.  rate  of  flow,  crank  moving  from  59°  to  61°\    .  . 

\av.  rate  of  flow,  crank  moving  from  89°  to  91°/         ' 

late  the  numerical  value  of  the  ratio  (  -: ttt;^  )  values  being 

Vsme  of  90  / 

taken  from  a  table  of  natural  sines.     Compare  these  ratios  and 

draw  conclusions.' 

Prob.  8-2.  What  is  the  maximum  value  of  current,  gal.  per 
second,  attained  during  the  cycle,  in  Prob.  6? 

Prob.  ^2.    As  in  Prob.  6,  calculate  the  numerical  value  of  the 
.     /av.  rate  of  flow,  crank  moving  from  44°  to  46°\ 

\av.  rate  of  flow,  crank  moving  from  89°  to  91°/ 

Also,  calculate  the  numerical  value  of  the  ratio  { -: r-rr^ )  • 

\sme  of  90  / 

Compare  these  ratios  and  draw  conclusions. 

Prob.  10-2.  On  the  basis  of  problems  6,  7,  8  and  9,  show  that 
the  following  relation  is  true: 

(Rate  of  flow,  gal,  per  sec,  as  piston  passes  through  each  positionN 
Maximum  rate  of  flow,  gal.  per  sec.,  attained  during  the  cycle  / 

_  sine  ^  _  sine  <t> 
'"sine90°"      1     ' 

or  that  rate  of  flow  as  piston  passes  through  0°  position  =  mazi- 
mum  rate  of  flow  in  cycle  x  sine  0°. 

Prob.  11-2.  What  will  be  the  current  in  Prob.  6  when  the 
crank  is  at  an  angle  of  70°  to  the  zero  position? 
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12.  Relation  of  Current  to  Crank  Position  Expressed 
by  Sine  Curve.  This  relation  between  the  current  and 
the  crank  poeition  may  be  represented  by  plotting  a  curve 
between  them  as  in  Fig.  12.  The  different  valuea  of  the 
current  in  gallons  per  minute  are  placed  on  the  vertical 


Fio.  12.    Relation  between  current  and  aa.ak  position  shown  by  a 
curve  called  "  The  Sine  Curve." 

line,  reading  up  for  clockwise  direction  of  current  and  down 
for  counter-clockwise.  The  crank  position  in  degrees  is 
plotted  along  the  horizontal.  Assume  the  maximum  current 
100  gallons  per  minute  as  before. 

When  the  crank  is  at  zero  position  the  current  is  sero, 
thus  the  curve  starts  at  zero. 

When  the  crank  reaches  the  15°  position^  the  current 
equals  25.9  gal./min. 

ii  =  100  sin  15° 
=  100  X  0.259 
=  25.9  gal./min. 
Thus,  at  the  15°  position  on  the  horizontal  axis,  draw  a 
line  (ii)  upward  25.9  spaces  to  represent  a  current  of  25.9 
gal./min.  in  a  clockwise  direction. 

When  the  crank  is  at  the  30°  position,  the  current  equals 
50  gal./min. 

ti  =  100  ^  30° 
=  100  X  0.500 
=  50  gal./min. 
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I  Draw  a  line  (ii)  upward  50  spaces  at  the  30^  position 

on  the  horizontal  axis  to  represent  a  50  gal./min.  current 
^         clockwise. 

I  Similarly 

^  ^  =  7«sin45^ 

=  100  X  0.707 
=  70.7  gal./min. 

,  Draw  u  upward  70.7  spaces  from  the  45^  mark  on  the 

horizontal.    Also 

ti  =  Jm  sin  90** 
=  100  X  1 
=  100. 
Therefore,  ii  =  100. 

Draw  t4  (Im)  upward  100  unit  spaces  from  the  90^  mark  on 
the  horizontal. 

From  now  on  the  current  grows  smaller  so  that  at  the 
120^  position  of  the  crank  it  has  become  (U)  or  86.6  gal./min. 

t5  =  100  sin  120^ 
=  100  sin  (180**  -  120°)     (See  Appendix  A,  Art.  9a.) 
=  100  sin  60° 
s  86.6  gal./min. 

Draw  line  ts  upward  86.6  spaces  at  the  120°  point  on  the 
horizontal. 

As  the  crank  continues  to  turn,  the  current  grows  less  and 
less  until  it  again  becomes  zero  at  the  180°  position.    This 
is  the  x>osition  OCi  in  Fig.  10. 
This  fact  is  also  shown  by  the  equation. 
Let  u  —  current  when  the  crank  is  at  the  180°  position. 
Then 

f «  =  Jm  sin  180°, 
sin  180°  =  sm  (180°  -  180°)  =  sinO°  =  0, 
ie  =  100  X  0 
=  0. 
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The  current  when  the  crank  is  at  the  180°  position  is 
then  0,  and  is  represented  by  a  dot  on  the  horizontal  line  at 
the  180°  point. 

But  as  the  crank  continues  beyond  the  180°  position,  the 
piston  begins  to  move  in  the  reverse  direction  and  when  it 
has  reached  195°,  a  current  (i?)  of  25.9  gallons  per  minute  is 
being  sent  around  in  a  counter-clockwise  direction. 

ir  =  100  sin  195° 

=  100  [  -  sin  (195°  -  180°)]     (See  Appendix  A.) 
=  100  (  -  sm  15°) 
=  -  100  X  0.259 
=  —  25.9  gal./min. 

The  minus  sign  merely  means  that  the  current  is  now 
flowmg  m  the  opposite  or  counter-clockwise  direction. 

Thus  we  draw  Vj  downward  25.9  spaces  at  the  195°  position 
to  represent  a  current  of  25.9  gal./min.  flowing  in  the  counter- 
clockwise direction. 

When  the  crank  has  reached  the  210°  position,  a  current 
ts  of  50  gal./min.  is  flowing. 

is  =  100  sin  210° 

=  100  [-sin  (210°-  180°)] 
=  100  (  -  sin  30°) 
=  —  50  gal./min. 

Accordingly  we  draw  is  downward  50  spaces  at  the  210° 
point  to  represent  a  coimter-clockwise  current  of  50  gal./min. 

At  the  270°  position  of  the  crank,  the  counter-clockwise  cur- 
rent has  reached  its  maximimi  of  100  gal./min.  so  19  =  —  7« 
is  drawn  at  this  point  on  the  horizontal  to  represent  this 
current  value. 

From  the  equation  we  obtain  the  same  result. 

t9  =  /m  sin  270°, 
sin  270°  =-  (sin  360°  -  270°)  =-  sm90°  =-  1, 
19  =  100  X  (  -  1) 

=  —  100  gal./min.  =  —  /„. 
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As  the  crank  continues  toward  a  completion  of  its  cycle, 
the  value  of  the  counter-clockwise  current  gradually  falls  off 
until  at  the  360^  position  of  the  crank  it  again  becomes  zero. 

To  make  clear  the  computation  for  this  position  of  the 
crank,  we  will  calculate  the  instantaneous  current  (iio) 
when  the  crank  is  at  the  345°  position. 

tio  =  100  sin  345° 

=  100  [-sm  (360° -345°)] 
=  100  (  -  sin  15°) 
=  —  25.9  gal./min. 

Thus  the  line  tw  is  drawn  downward  25.9  spaces  at  the 
point  345°  on  the  horizontal  to  represent  a  current  of  25.9 
gal./min.  counter-clockwise. 

If  several  intermediate  lines  are  drawn  and  their  ends 
joined  by  a  smooth  curve  as  in  Fig.  12,  this  line  is  called  a 
sine  curve,  and  gives  the  clearest  pos- 
sible picture  of  an  alternating  current 
of  water  or  of  electricity. 

Prob.  ia-2.  Plot  a  sine  curve  for  12 
values  of  the  current  at  different  positions 
of  the  crank  of  the  system  in  Prob.  3-2. 

Prob,  lS-2.  Plot  a  sine  curve  for  12 
values  of  the  current  in  system  of  Prob.  6. 

Prob,  14-2.  Plot  two  cycles  of  the 
sine  curve  of  Prob.  1  using  enough  points 
to  obtain  a  smooth  curve. 

13.  The  Sine  Curve  a  Standard 
Wave  Form.     The  type  of  motion 
represented  by  the  sine  curve  is  a  Fig.  13.     The  pendulum 
very  conamon  thing  in  nature.    If  we      ^^^  ^  ^ine  curve  if 

observe  accurately  any  natural  object      T^^  ^^J^  '"''''^ 

,  .  ,    ,  .J.         X.  ,  at  uniform  speed, 

which  has  a  penodic  motion,  such  as 

a  swinging  pendulum,  a  vibrating  string,  or  the  rippling  sur- 
face of  a  body  of  water,  we  find  that  this  form  of  wave,  the 
sine  curve,  is  apparently  Nature's  standard. 
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Note  the  curve  produced  in  Fig.  13,  by  allowing  a  swing- 
ing pendulum  to  trace  its  motion  on  a  smoked  surface  which 
is  moved  at  a  uniform  speed  at  right  angles  to  the  swinging. 

Fig.  14  shows  the  curve  of  the  motion  of  a  tuning  fork 
obtained  in  a  similar  way,  and  Fig.  15  represents  the  cross 
sections  of  ripples  on  the  surface  of  water.  These  all  have 
the  form  of  the  sine  curve. 


Pig.  14.    The  curve  traced  by  the    Fio.  15.    The  waves  produced 
tuning  fork  is  a  sine  curve.  on  the  water  have  the  form 

of  a  sine  curve. 

■ 

Now  it  is  possible  to  produce  alternating  currents  with  an 
almost  endless  variety  of  wave  forms,  but  this  natural  sine 
curve  has  been  adopted  by  engineers  as  the  standard,  prin- 
cipally for  the  following  reasons: 

First.  This  form  produces  the  least  useless  disturb- 
ance in  the  circuit  and  gives  the  smoothest,  most 
efficient  and  most  useful  current  wave. 

Second.  The  mathematical  computations  connected 
with  alternating-current  work  are  much  simpler  with 
this  form  of  wave. 

It  is  a  common  belief  among  beginners  that  an  alternator 
naturally  delivers  an  e.m.f.  and  current  whose  forms  are 
sine  curves,  but  this  is  far  from  the  fact.  Only  by  a  very 
careful  design  of  machine  and  arrangement  of  windings  can 
this  result  be  accomplished.  It  requires  great  effort  on  the 
part  of  the  manufacturers  to  produce  a-c.  machines  which 
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shall  deliver  an  alternating  current  with  this  standard  wave 
form.  The  different  means  by  which  this  is  accomplished 
are  taken  up  in  Chapters  VIII  and  IX. 

14.  Clock  Diagrams,  or  Vector  Diagrams.  So  far  we 
have  learned  that  the  alternating  current  of  water  in  the 
enclosed  system  of  Fig.  9  may  be  represented  by  a  wave 
form  called  a  sine  curve,  which  presents  to  the  eye  a  very 
definite  picture  of  what  is  happening  at  each  instant  in  the 
system.  This  curve  is  difficult  to  draw  accurately  and  is  of 
little  use  in  determining  actual  values.  So  if  we  wish  to 
determine  accurately  just  what  current  is  flowing  at  any 
particular  instant,  we  use  the  equation  of  this  curve: 

i  ==  /«  sin  0, 
where  i  =  gal./min.  at  any  instant, 

In  =  maximum  gal./min., 
<l>  =  angle  of  crank  from  zero  position. 

This  equation  gives  accurate  results  in  every  respect,  but 
presents  no  picture  to  the  eye  of  what  is  happening. 

Accordingly,  a  third  method 
of  representing  alternating  cur- 
rents is  in  common  use,  called 
the  clock  diagram  or  vector 
diagram.   This  method  enables 

us  to  obtain  quickly  correct   c, 

numerical  values  and  at  the 
same  time  have  a  picture  be- 
fore the  eye,  of  the  events 
taking  place  in  such  a  circuit 
as  the  above  in  Fig.  9. 

We  have  seen  that  at  any  Fig.  16.  Clock  diagram  of  current 
instant  the  current  in  Fig.  9      relations  in  pump  with  crank  at 

depends  upon  the  position  of      ^'  ^"^°^  *^"  """^  P^^^^°- 
the  crank  with  regard  to  the  axis  CiC    Accordingly,  to  find 
the  current  at  any  instant,  we  draw  what  amounts  to  a 
picture  of  the  crank  at  that  instant.  Fig.  16.    We  draw  first 


40  ALTERNATING-CURRENT  ELECTRICITY 

a  horizontal  line  CCi  and  a  vertical  line  mmi,  both  of  indefinite 
length,  just  to  use  as  reference  lines,  very  much  as  the  lines 
CCi  tod  mmi,  Fig.  10,  are  used  as  reference  lines. 

Next  we  draw  a  line  OX  making  the  same  angle  4>  with  CCx 
that  the  crank  makes  with  CC\  in  Fig.  10,  and  assume  that 
this  line  is  drawn  to  a  scale  which  represents  the  maximum 
current  in  the  pipe  system. 

But  we  know  that  at  the  instant  when  the  crank  makes 
this  angle  with  the  horizontal,  the  current  through  the  pipe 
is  only  a  certain  fraction  of  the  maximum  current,  and  that 
this  fraction  is  represented  by  the  sine  of  the  angle  ^.  Now, 
if  we  draw  the  line  XV  at  right  angles  to  CCi  it  will  be  the 
same  fraction  of  the  line  OX,  that  the  current  at  this  in- 
stant is  of  the  maxunum  current,  since  this  fraction  will  in 
each  case  be  represented  by  the  sine  of  the  angle  4>.  Ac- 
cordingly, we  have  at  one  glance: 

First.  A  line  OX,  which  represents  the  maximum  current. 

Second.  A  line  XV ,  which  represents  the  current  at  a 
particular  instant. 

Third.  An  angle  0,  which  shows  the  position  of  the  crank 
at  this  instant. 

The  exact  relative  value  of  the  instantaneous  current  to 
the  maximum  current  is  perfectly  clear,  since 

VX       .    , 

^  =  sm«. 

Example  2.  The  maximum  value  of  the  current  through  the 
pipe  is  48  gal./min.  Find  the  current  at  the  instant  when  the 
crank  has  moved  40^  from  the  horizontal. 

Draw  OX,  Fig.  17,  representing  48  gal./min.  at  an  angle  of  40^ 
with  the  horizontal.  Then  XV  represents  the  instantaneous  value  of 
the  current. 

XV  =  48  sin  40^ 

=  30.9. 
XV  =  i  =  30.9  gal./min. 

Note  that  the  equation 

i  =  /m  sin  0 

is  apparent  from  the  construction  of  the  figure. 
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When  the  crank  reaches  the  vertical  position,  or  90** 
from  the  zero,  the  current  has  reached  its  maximum.  Note 
in  Fig.  18  how  the  instantaneous  value  i  coincides  exactly 
with  the  maximum  value  /«.    The  equation  also  shows  this. 


sin  90 


m 
o 


i  =  Im  sin  90^ 

48, 

1, 

i  =  48  X  1 
=  48  gal./min. 


Fig.  17.  The  line  XV  repre- 
sents the  value  of  the  current 
when  the  crank  is  at  the  40** 
position. 


Fio.  18.  The  line  OX  repre- 
sents the  current  when  the 
crank  is  90°  from  the  zero 
position. 


When  the  crank  has  passed  beyond  the  maximum  position 
and  has  reached  say  125°,  the  instantaneous  value  of  the 
current  is  easily  found  by  constructing  Fig.  19. 


i  =  48  sin  125^ 

The  figure  shows  clearly  that  sin  125^ 

=  sin  55°. 
Thus 

i  =  48  sin  55° 
=  48  X  0.819 
=  39.3  gal./min. 


=  sm  (180°  -  125°) 
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Assume  that  the  crank  reaches  a  position  210°  from  the 
zero  position.  The  current  at  that  instant  can  be  found 
from  Fig.  20.  The  line  OX  or  /«  is  drawn  in  the  position  of 
the  crank,  and  the  line  VXy  or  i,  represents  the  instan- 


Fig.  19.  The  line  VX  represents 
the  value  of  the  current  when 
the  crank  is  125**  from  the  zero 
position. 


Fig.  20.  The  line  FZ  represents 
the  value  of  the  current  when 
the  crank  has  reached  a  posi- 
tion 210°  beyond  the  zero  posi- 
tion. Note  that  XV  is  negative. 


taneous  current  at  this  instant.  Note  that  its  direction  is 
downward,  which  shows  immediately  that  the  value  is  nega- 
tive. 

i  =  /„  sin  210° 

sin  210°  =  -  sm  (210°  -  180°) 
=  -  sin  30° 
i  =  48  (-0.500) 
=  —  24  gal./min. 

Enough  examples  have  been  given  to  illustrate  the  ease 
and  certainty  with  which  problems  can  be  solved  by  this 
method.  The  line  OX  is  called  a  vector,  hence  the  name 
vector  diagram  is  given  to  the  figure.  Since  the  diagram 
often  has  the  appearance  of  the  hands  of  a  clock,  it  is  also 
called  the  clock  diagram,  though  the  rotation  is  in  the  op- 
posite direction  to  the  hands  of  a  clock. 

In  solving  all  problems  in  alternating  current  it  is  of  the 
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utmost  importance  that  all  three  methods  be  used  for  each 
example,  in  the  following  order. 

First.  Draw  a  rough  sine  curve  in  order  to  place 
clearly  before  the  eyes  what  is  happening  in  the  circuit. 
A  sine  curve  is  a  panorama  photograph  or  a  sort  of  moving 
picture  of  what  is  happening  in  the  system. 

Second.  Draw  a  rough  vector  diagram,  in  order  to 
place  clearly  before  the  eyes  the  conditions  at  any  given 
instant,  and  to  show  obviously  and  definitely  the  relations 
existing  between  the  various  values  at  that  instant. 

A  vector  diagram  is  a  sort  of  snapshot  of  a  moving  crank. 

Third.    Paying  careful  attention  to  the  vector  diagram, 

write  the  equation  for  an  alternating  current  which  is  being 

considered 

i  =  7,i,  sin  4>. 

Example  8.  What  is  the  instantaneous  value  of  the  water 
current  in  system  of  Fig.  9,  when  the  crank  is  at  the  290^  position? 
Maximum  value  »  800  gal./min. 


Fig.  21.    Rough  sine  curve  showing  the  direction  and  relative  value  of 
the  current  when  the  crank  is  at  the  290^  position. 

First    Draw  sine  curve,  Fig.  21. 

From  this  we  see  that  the  current  is  negative  but  is  dying  out. 
Second.    Draw  vector  diagram,  Fig.  22. 

From  this  we  see  that  the  crank  really  makes  an  angle  of  —70** 
to  the  horizontal,  and  thus  the  instantaneous  current  is  negative. 
Third.    From  vector  diagram  write  the  equation: 

i  =  /«sin290*' 
cur 

t  =  -800  8in70** 
=  —  751  gal./min. 
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Solve  the  following  as  in  above  example,  using  all  three  methods 
for  each  problem. 

Prob.  16-2.  What  current  is  flowing  in  a  system  similar  to  the 
one  in  Fig.  9,  when  it  has  completed  65^  of  its  cycle?  The  maxi- 
mum current  equals  25  gal./min. 

Prob.  16-2.  An  alternating  current  of  water  in  a  system  has 
completed  \  of  its  cycle  and  has  a  value  of  15  gal./min.  What 
maximum  value  of  current  flows? 

Prob.  17-2.  What  would  be  the 
instantaneous  current  in  circuit  of 
Prob.  16  when  \  of  the  cycle  was 
completed? 


Fig.  22.    Vector  diagram  for 
case  shown  iD  Fig.  21. 


Fig.  23.  Simple  coil,  used 
to  generate  an  alternating 
e.m.f.  of  sine  wave  form. 


Prob.  lS-2.  What  position  would  crank  in  Prob.  15  have  when 
the  current  had  a  positive  or  clockwise  value  of  10  gal./min.  and 
was  growing? 

Prob.  19-2.  What  position  would  crank  in  Prob.  18  have 
when  the  current  had  an  instantaneous  value  of  10  gal./min.  neg- 
ative or  counter-clockwise  and  was  dying? 


16.  Alternating  E.MJ.  Whatever  we  have  learned 
about  the  alternating  current  of  water  in  the  pipe  system  of 
Fig.  9  can  be  applied  directly  to  an  alternating  current  of 
electricity.    Modem  alternators  generate  an  electromotive 
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force  or  alternating  voltage,  which  goes  through  a  cycle  of 
values  exactly  similar  to  the  cycle  of  values  which  the 
current  of  water  went  through.  •  The  same  sine  wave  is 
used  to  represent  the  values  at  the  different  stages  of  the 
cycle;  the  same  vector  diagrams  are  drawn  to  represent  the 
relation  of  any  instantaneous  value  to  the  maximum  value, 
and  the  same  equation  is  used  to  compute  the  different 
values. 

Before  taking  up  the  commercial  machines,  it  is  more 
profitable  to  study  the  simplest  possible  electrical  device  for 
generating  an  alternating  electromotive  force  which  has  a 
sine  wave  form.  Such  a  device  is  shown  in  Fig.  23.  The 
field  poles  are  so  shaped  that  the  field  betweeti  them  is 
practically  uniform  and  parallel.  When  the  single  coil  of 
wire  is  revolved  in  this  field,  an  alternating  e.m.f.  is  set  up 
between  the  terminals  of  the  coil.  This  e.m.f.  wave  has 
practically  the  sine  form. 

In  Fig.  9,  the  crank  was  assumed  to  be  rotating  counter- 
clockwise at  uniform  speed.  Similarly  assume  the  coil  in 
Fig.  23  to  be  rotating  counter-clockwise  at  uniform  speed. 

Just  as  the  position  of  the  engine  crank  at  any  instant  de- 
termined the  amount  and  direction  of  the  water  current 
flowing  at  that  instant,  so  here  the  position  of  the  coil  at 
any  instant  determines  the  amount  and  direction  of  the  e.m.f. 
generated  at  that  instant. 

When  the  crank  was  horizontal,  there  was  no  current 
flowing  through  the  pipe.  Similarly,  when  the  coil  is  hori- 
zontal, as  in  Fig.  24,  it  is  moving  parallel  to  the  lines  of 
force,  not  cutting  them,  and  thus  no  e.m.f.  is  being  induced 
across  the  terminals.  Fig.  25  then  represents  the  vector 
diagram  for  this  position  of  the  coil,  just  as  it  would  repre- 
sent the  current  in  the  pipe  line  at  the  same  instant.  The 
only  difference  would  be  the  lettering  of  the  lines.  Thus 
Em  here  stands  for  the  maximum  e.m.f.  which  is  the  great- 
est value  that  the  e.m.f.  attains  during  the  cycle.  If  the 
diagram  represented  the  water  current,  this  line  would  be 
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lettered  /.,  which  stands  for  the  greatest  value  that  the 
current  attains  during  its  cycle.  The  method  of  obtaining 
the  amount  of  this  maximum  value  of  the  ejn.f.  is  explained 
in  the  following  paragraph. 


Fia.24.  Coil  AS  is  paaaing  through  Fig.  25.  The  vector  diagram  of 
the  lero  i>(>«tioii  uid  is  cutting  the  e.m.f.  in  the  coil  of  Fig.  24. 
no  lines  of  force.  The  e.m.f.  at  this  insi&nt  is  wro. 

We  have  seen  that  a  line  drawn  from  the  end  of  this 
vector  down  to  the  horizontal  represents  the  instantaneous 
current.    Such  a  line  would  also  repre- 
sent the  instantaneous  e.m.f.  in  this 
case.     But  the  vector  is  exactly  on  the 
horizontal,  so   no 
j     line  can  be  drawn 
/     from  the  end  of  it 
down  to  the  hori- 
zontal.   Therefore 
the  instantaneous 
,       value  is  zero  when 
ISrX^Z   tbe  coil  i.  in  this  F„. 
This  we 
have   seen    to  be 
which  tends  to  send  a   tjjg  case,  since  the 
current  out  aX  A  and 


m> 


.  >"  from  the 
aero  poeition.     An    position. 


The  vector 
diagram  of  the  e.m.f. 
in  the  coil  of  Fig.  26. 
The  line  ti  represents 
the  value  of  tbe  e.m.f. 
at  this  instant. 


coil  is  cutting  no 
"  "" ""  lines  of  force. 

When  the  coil  is  pas^g  through  the  position  at  an  ai^le 
of  30°  to  the  horizontal,  Fig.  26,  there  is  an  e.m.f.  induced 
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which  tends  to  cause  a  current  to  flow  out  at  A.    Test  this 
by  "the  right-hand  rule  for  induced  e.m.f."  * 

F^.  27  represents  the  vector  E^  in  this  position,  just  aa 
it  might  represent  a,  crank  in  this  position.  The  line  ei 
represents  the  volt^e  that  is  being  induced  across  the  coil 
when  it  is  passing  through  this  position,  just  as  it  might 
represent  the  current  flowing  through  a  pipe  Une  when  the 
crank  was  at  this  position. 

But  et  is  merely  that  fraction  of  Em  which  is  represented 
by  the  sine  of  the  angle  30°;  thus 

ei  =  E«  sin  30°. 
Assume  E„  =  250  volts. 

"^^  ei  =  2508in30° 

=  250  X  0.500 

=  125  volts. 

That  is,  if  the  maximum  induced  voltage  across  the  coil 

were  250  volts,  there  would  be  only  125  volts  induced  when 

the  coil  was  at  the  30?  poution.    But  when  the  coil  had 


N 


^ 


Fia.  28.    The  coil  AB  ie  paaaiog      Fig.    29.      The    vector   diagram 
through  the  60°  poflition.  showing  the  value  of  the  e.m.f. 

in  the  ooil  in  Fig.  28. 

reached  the  60°  position,  Fig.  28,  it  would  be  cuttii^  lines 

faster,  since  it  would  be  moving  more  nearly  straight  across 

them.    Thus  the  induced  voltage  would  be  greater  at  the  60° 

*  SeeTimbie'e  "  ElemeatB  of  Electricity,"  Art.  105,  page  160. 
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a.     To  find  the  value  we  draw  the  vec- 
to  the  horizontal,  as  in  Fig.  29.    The 
3  the  voltage  at   this   instant.     The 
of  et  is  apparent  from  the  diapam. 
=  250  sin  60" 
■  250  X  0.866 
s  217  volts. 

cached  the  90°  position,  Fig.  30,  it  is 
s  <A  force  directly  at  right  aisles  and 
hem  at  the  greatest  rate.  The  in- 
ore  maximum  at  this  instant. 


paseiDg  Fto.  31.  Vector  digram  of  e.m.f. 
on.  in  coil  at  90°  poeitioD. 

r  diagram  for  this  instant  and  shows 
B  voltage  line  must  coincide  exactly 
'oltage  line  Em-    The  equation  also 

taneous  e.m.f.  when  the  angle  is  90°. 
90° 


en  e,  at  this  instant,  equals  250  volts. 
ictOT  diagram  of  e.m.f.  when  the  coil 
K>atlon.    The  vector  E^  is  drawn  at 
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an  angle  of  120^  from  the  horizontal,  and  ez  represents  the 
value  of  the  induced  voltage  at  this  instant.    By  the  equa- 

*^^^*  6s  =  £^  sin  120° 

sin  120°  =  sin  (180°  -  120°) 
=  sin  60°. 
Thus  6»  =  -B„  sin  60° 

=  250  X  0.866  =  217  volts. 

When  the  coil  has  reached  the  180°  position,  it  has  again 
ceased  cutting  lines  of  force,  and  therefore  the  induced 
e.m.f.  has  again  dropped  to  zero. 


Fio.  32.  Vector  diagram  of  the  Fig.  33.  The  vector  diagram  of 
e.m.f.  when  the  coil  has  reached  the  e.m.f.  when  the  coil  is  at 
the  120**  position.  the  lS(f  position. 

Fig.  33  is  the  vector  diagram  for  this  instant  and  the 
equation  obtained  from  it  is 

e=-  En^sia  180° 
sm  180°  =  sin  (180°  -  180°) 
=  sin  0° 
=  0. 
Thus  6  =  250  X  0 

=  0. 

When  the  coil  has  passed  the  180°  position,  it  begins  to 
cut  lines  in  the  opposite  direction,  as  is  seen  from  Fig.  34, 
where  the  coil  is  moving  through  the  210°  position.  Thus, 
the  voltage  which  is  induced  is  in  the  opposite  direction 
and  tends  to  send  a  current  in  at  A  instead  of  out  as  before. 
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Fig.  35  is  the  vector  diagram  for  the  voltage  at  this  in- 
stant. Note  that  the  instantaneous  voltage  line  e\  is  be- 
low the  horizontal  and  therefore  has  the  negative  sign, 


^ 


Flo.  34.  The  coil  AB  is  moving  Fig.  35.  Vector  diagmm  showing 
through  the  210°  poBitioD  and  the  e.m.f.  when  the  coil  is  pasa- 
tbe  elm.f.  has  been  reversed.  ing  the  210'  position. 

which  means  merely  that  the  induced  e.m.f.  has  changed 
direction.  The  value  of  a  can  be  found  as  usual  from  the 
equation: 

Ci  =  E«  sin  210° 
an  210°  =  -  sia  (210°  -  180°) 
=  -sin30° 
=  -0.500 
c.  =  250  X  C-  0.500) 
=  -  125  volte. 

Aa  the  coil  proceeds,  the  e.ni.f.  in 

this  reversed  direction  becomes  lai^er 

Fia.  36.  Vector  diagram  and  larger  until  it  reaches  a  maximum 

of  the  e.m.f.  when  the  y^lue  at  the  270°  position  as  seen  from 

S,™'^'of  *  the  vector  di.gra,n  Fig.  36.    Thi»m»- 

imum  value  is  exactly  equal  to  the 

maidmum  value  when  the  coil  was  at  the  90°  position.     It  is 

merely  tending  to  send  a  current  in  the  opposite  direction 

and  thus  has  the  negative  sign. 

The  induced  e.m.f.  now  begins  to  decrease  as  the  coil 
continues  to  revolve,  until  it  again  becomes  zero,  just  as  the 
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coil  has  completed  360°  and  is  starting  the  cycle  over  again. 
During  each  revolution  the  induced  e.m.f.  goes  through  this 
cycle  of  values,  having  two  zero  positions  (0°  and  180°)  and 
two  maximum  positions  (90°  and  270°).  To  represent  the 
instantaneous  values  at  all  instants,  we  plot  the  sine  curve, 
just  as  in  the  case  of  the  alternating  current  of  water  in  the 
pipe  line  from  the  pump. 

Fig.  37  is  the  sine  curve,  assuming  250  volts  maximum 
value  of  the  induced  e.m.f.    Note  that  the  voltage  is  con- 
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Fig.  37.    Sine  curve  showing  the  values  of  e.m.f.  throughout  an  entire 

cycle. 


tinually  changing,  and  if  we  wish  to  indicate  its  value  we 
must  state  that  it  is  for  a  given  instant  only.  For  the  next 
instant,  either  before  or  after,  the  voltage  will  be  either 
greater  or  less.  Fig.  37a  is  an  oscillogram  from  the  Pro- 
ceedings of  the  A.I.E.E.  and  shows  the  curve  of  the  terminal 
voltage  of  a  6600-volt  generator.  Note  how  closely  it  fol- 
lows the  form  of  a  sine  curve. 

Every  modem  alternator  maintains  an  alternating  e.m.f. 
having  approximately  this  wave  form.  The  closer  the  ap-' 
proximation,  the  better  the  machine,  other  things  being 
equal. 

A  machine  with  a  wave  form  essentially  different  from 
this  standard  sine  curve  would  be  of  little  use  in  a  modem 
plant.    To  be  sure,  commercial  alternators  are  not  built  of 
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ein^e  coils  revolving  in  a  bipolar  field.  Modem  types  have 
Beveral  pairs  of  poles  and  a  large  number  of  coils,  and  in 
most  cases  the  poles,  instead  of  the  armature  coils,  revolve. 
The  e.m.f.  induced  in  each  coil  is  not  necessarily  a  sine  curve, 
but  a  number  of  coils  are  so  arrai^ed  that  the  e.m.f.  across 
the  ccmbination  has  this  standard  form.* 


Fia.  37a.    Curve  16.  —  Potential  n-ave  do  load,    160  kv-a.,  60-cycle, 
three-phase  generator,  t)  slots  per  phase  per  pole.    Proc.  A.I.E.B. 

It  is  neccssarj',  therefore,  for  us  to  think  of  this  cycle  of 
values  of  an  alternating  e.m.f.  apart  from  the  coil  in  which 
it  is  induceti.  Accordingly,  we  divide  up  each  cj'cle  into 
360  degrees,  regardless  of  the  mechanical  position  of  the  coil 
throughout  the  cycle.  We  call  these  divisions  "electrical 
degrees"  to  distinguish  them  from  the  units  of  angular 
measure. 

An  "electrical  degree"  therefore  means  a  aJuth  part  of  the 
"period"  of  the  alternating  e.m.f.,  or  of  the  time  required  to 
complete  one  cycle  of  values.  For  this  reason,  an  "elec- 
trical degree"  is  sometimes  called  also  a  "time  degree," 
either  term  distii^uisliing  it  from  a  "space  degree,"  which 

•  The  details  ot  ihia  construction  are  described  and  explained  in 
Chapters  Vill  and  IX. 
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refers  to  the  mechanical  position  of  the  coil  in  space  or  in 
relation  to  the  other  parts  of  the  machine. 

The  ''period"  of  the  e.m.f.  is  the  time  required  for  a  con- 
ductor to  pass  from  a  position  under  an  N  pole  to  an  exactly 
similar  position  under  the  next  N  pole;  it  is  the  time  re- 
quired for  a  complete  cycle  of  values  of  the  e.m.f.,  or  for  the 
conductor  to  pass  under  a  pair  of  poles.  The  e.m.f.  induced 
in  a  coil  therefore  passes  through  as  many  cycles,  during  one 
revolution  of  the  coil,  as  there  are  pairs  of  poles.  Thus  in 
a  two-pole  machine  the  e.m.f.  passes  through  360  electrical 
d^rees  or  one  cycle  in  the  same  time  in  which  it  is  passing 
through  360  mechanical  degrees  or  one  revolution.  In  a 
four-pole  machine  the  e.m.f.  passes  through  360  electrical 
d^rees  twice  during  the  same  time  in  which  it  is  passing 
once  through  the  360  mechanical  degrees;  in  an  eight-pole, 
four  times,  and  so  on. 

Therefore,  when  an  alternating  e.m.f.  has  passed  through 
a  quarter  of  its  cycle,  we  say  it  has  reached  the  90^  position; 
when  it  has  passed  through  half  its  cycle,  180^,  etc.  The 
coil  in  the  meantime  would  have  moved  through  but  10 
mechanical  degrees  if  the  machine  has  18  poles,  or  15  me- 
chanical degrees  if  it  has  12  poles,  corresponding  in  each 
case  to  90  electrical  degrees.  For  the  time  being,  the  motion 
of  the  coil  is  immaterial  to  us.  We  are  interested  merely 
in  the  varying  values  of  the  e.m.f.  produced  during  one 
cycle.  Therefore,  in  the  future,  when  we  plot  a  sine  curve, 
the  horizontal  axis  will  be  understood  to  represent  the 
"electrical  or  time  degrees"  through  which  the  quantity  is 
varying;  and  when  we  draw  a  vector  diagram,  the  angle 
which  the  vector  makes  with  the  horizontal  will  be  under- 
stood to  be  measured  in  "electrical  degrees,"  since  it  repre- 
sents  that  part  of  a  cycle  already  passed  through  by  the 
alternating  e.m.f.  without  regard  to  the  position  of  any  coil. 

Thus  in  Fig.  35  we  think  of  the  e.m.f.  as  having  passed 
through  210^  of  its  cycle  and  of  ei  representing  the  value  at 
that  instant.    To  be  sure,  in  the  case  in  hand,  the  coil  in 
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which  this  voltage  was  induced  had  also  passed  through 
210^  of  its  cycle.  But  this  was  a  special  case  chosen  for 
the  sake  of  clearness.  The  position  of  the  coil  need  not 
have  corresponded  to  the  number  of  electrical  degrees 
passed  through;  and  would  not  have,  but  for  the  fact  that 
the  field  was  bipolar. 


Fig.  38.    Rough  sine  curve  showing  relative  value  of  the  e.m.f .  at  the 

45^  position. 


Notice  how  the  following  examples  are  solved  without 
any  reference  to  the  method  of  producing  the  alternating 
e.m.f. 

Bzample  4.    What  is  the  instantaneous  value  of  an  alternating 

e.m.f.  when  it  has  passed  through  45°  of  its 
cycle?    The  maximum  value  is  600  volts. 

First  Sketch  roughly  the  sine  curve  as  in 
Fig.  38. 

Second.  Draw  the  vector  diagram  as  in 
Fig.  39. 

Third.    Write  the  equation: 


Fig.  39.  Vector  dia- 
gram showing  the 
value  of  the  e.m.f. 
at  the  45^  position. 


e  =  J?«  sin  ^ 
=  600  sin  45° 
=  600  X  0.707 
=  424  volts. 


Solve  as  above,  using  sine  curve,  vector  diagram  and  equa- 
tion for  each  problem* 

Prob.  20-2.  The  maximum  value  of  an  alternating  e.m.f.  is 
2200  volts.  What  is  the  instantaneous  value  when  65**  of  the  cycle 
hacve  been  completed? 

Prob.  21-2.  What  is  the  instantaneous  value  of  e.m.f.  of 
Prob.  20  when  it  has  passed  through  200"^  of  its  cycle? 
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Prob.  22-2.  The  instantaneous  value  of  an  alternating  e.ra.f. 
is  1400  volts  at  75°.    What  is  the  maximum  value? 

Prob.  23-2.  The  value  of  an  alternating  e.mi.  is  450  volts 
dd""  after  its  zero  value.    What  is  it  at  ISd""? 

Prob.  24-2*  Plot  the  sine  curve,  to  some  convenient  scale  for 
one  complete  cycle  for  Prob.  23. 

Prob.  2&>2.  The  maximum  value  of  an  alternating  e.m.f.  is 
800  volts.  What  are  the  instantaneous  values  at  the  following 
instants:  20^  80*,  130°,  210°,  300°,  340°? 

Prob.  26-2.  How  much  of  its  cycle  has  the  e.m.f.  of  Prob.  22 
completed,  when  the  yalue  is  300  volts  positive  and  increasing? 

Prob.  27-2.  What  value  and  what  sign  will  the  instantaneous 
voltage  have  when  an  e.m.f .  has  completed  two-thirds  of  its  cycle 
HE^ia  2300  volts? 

Prob.  2S-2.  At  what  four  instants  in  one  cycle  will  the  e.m.f. 
of  Prob.  27  have  the  value  of  1000  volts? 

16.  To  Find  the  Maximum  Value  of  an  Alternating 
E.M.F.  We  learned,  when  studying  the  direct-current 
generator,  that  the  total  number  of  lines  cut  per  second  by 
a  conductor  determined  the  average  value  of  the  voltage 
induced  in  the  conductor.    Thus 

.      «  _  lines  cut  per  sec. 
Av.  Hi  j^  • 

Now,  if  the  several  conductors  which  make  up  a  coil  are 
bunched  or  concentrated,*  there  is  practically  the  same  vol- 
tage induced  in  each  conductor  at  any  given  instant.  The 
average  voltage  in  the  coil  at  any  instant  is,  then,  merely  the 
voltage  in  any  one  conductor  multiplied  by  the  number  of 
conductors  in  the  coil. 

Of  course  in  an  armature  where  the  conductors  making 
up  a  coil  are  distributed  *  over  the  core,  all  are  cutting  at 
different  rates  at  any  given  instant.  The  average  voltage 
across  such  a  coil  is  clearly  not  the  voltage  across  each  con- 
ductor multiplied  by  the  number  of  conductors. 

*  See  Art.  102. 
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Thus,  to  find  the  average  voltage  induced  in  an  alternator 
using  an  armature  with  concentrated  windings,  we  use  the 
above  equation,  taking  into  consideration  the  number  of 
conductors  in  each  coil. 

To  find  the  maximum  value  of  the  induced  e.m.f.  of  such 
a  generator  it  is  merely  necessary  to  know  what  part  of  the 
maximum  this  average  value  is. 

Since  half  of  the  instantaneous  values  of  an  alternating 
e.m.f.  are  negative  and  half  are  positive,  and  since  the 
negative  values  are  exactly  equal  to  the  positive  values,  the 
average  of  a  complete  cycle  of  values  must  be  zero.  But 
the  actual  average  value  of  the  e.m.f.  of  a  generator,  as  is 
seen  from  the  above  equation,  is  not  zero.  It  would  be 
just  as  reasonable  to  say  that  the  actual  average  value  of 
the  pressure  exerted  by  the  piston  of  the  water  pump  of 
Fig.  9  is  zero,  just  because  the  pressure  alternates  with  equal 
values  in  opposite  directions.  The  actual  average  value  in 
both  cases  is  the  average  of  all  instantaneous  values  regard- 
less of  signs,  which  indicate  direction  only. 

The  average  value  of  an  alternating  e.m.f.  can  be  foimd 
very  easily  by  plotting  a  number  of  the  instantaneous 
values  at  equal  intervals  throughout  the  cycle  and  finding 
their  aver«^e.  Since  the  average  values  for  the  second, 
third  and  fourth  quarters  of  the  cycle  would  be  the  same  as 
the  average  value  of  the  first  quarter,  we  need  plot  the  first 
quarter  cycle  only. 

Prob.  29-2.  Let  the  maximum  e.m.f.  for  convenience  be  taken 
as  100  volts.  Compute  the  instantaneous  e.m.f.  for  every  2^  dur- 
ing the  first  quarter  of  a  cycle.  Start  with  1®,  3**,  5°...  to  89**.  This 
will  give  45  instantaneous  values.  The  sum  of  these  values  divided 
by  45  will  give  the  average  value  of  the  e.m.f .  for  the  first  quarter, 
which  equals  the  average  value  for  the  whole  cycle  as  explained 
above.   What  fraction  is  this  average  value  of  the  maximimi  value? 

The  result  of  the  above  problem  shows  that  the  average 
value  of  an  alternating  e.m.f.  is  approximately  equal  to 


ALTERNATING  CURRENTS.    FUNDAMENTAL  IDEAS    57 

0.636  of  the  maxiinmn  value.    In  the  form  of  an  equation 
this  may  be  written, 

Av.  6  =  0.636  E^ 
or 

En,  =  1.57  Av.  e. 

Thus  to  find  the  maximum  e.m.f.  which  a  generator  with 
concentrated  armature  windings  delivers,  we  have  merely  to 
find  the  average  e.m.f.  and  multiply  by  1.57.  This  is  about 
the  only  connection  in  which  we  ever  use  the  average  value 
of  an  alternating  e.m.f. 

Example  0.  What  is  the  maximum  voltage  generated  in  a 
coil  of  a  drum  armature  consisting  of  300  series  conductors,  concen- 
trated winding,  which  has  a  speed  of  1200  r.p.m.?  Each  con- 
ductor cuts  twice  through  a  field  of  1,500,000  lines  of  force  during 
each  revolution. 

A       _  li^es  cut  per  sec. 
Av.  e  -  j^ 

^1,500,000X2X1200X300 

10^X60 

«  180  volts. 
^«=  1.67  Av.  e 
=  1.57  X  180 
=  283  volts. 

Prob.  80-2.  What  is  the  instantaneous  value  of  the  voltage  in 
above  example  when  iff*  of  the  cycle  have  been  completed? 

Prob.  81-2.  A  bipolar  a-c.  generator  with  a  drum  armature,  con- 
centrated winding,  has  a  speed  of  2400  r.p.m.  The  field  of  each 
pole  has  2,500,000  lines  of  force.  Number  of  series  conductors  in 
each  path  on  armature  is  600.  What  is  the  maximum  value  of 
the  e.m.f.  generated? 

Prob.  82-2.  What  is  the  instantaneous  value  of  the  e.m.f.  60^ 
after  the  zero  value  in  Prob.  31? 

Prob.  88-2.  A  4-poIe  2-brush  a-c.  generator  has  a  drum-wound 
armature  with  2000  series  conductors  in  each  path,  concentrated 
winding.  Speed  is  1200  r.p.m.  Flux  from  each  pole  is  2,400,000 
lines.    What  is  average  e.m.f.? 

Prob.  84-2.    What  is  maximum  value  of  e.m.f.  of  Pl'ob.  33? 
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Prob.  3&-2.  What  is  the  instantaneous  value  of  the  e.m.f.  of 
Prob.  33  when  45°  of  its  cycle  have  been  passed  through?  Would 
the  45°  position  of  the  e.m.f.  vector  be  reached  at  the  instant  in 
which  the  armature  had  turned  45  space  degrees  from  its  zero  or 
neutral  position? 

Prob.  3&-2.  In  an  alternator,  one  set  of  coils  containing  200 
concentrated  conductors  is  being  cut  8  times  each  second  by  IC 
lines.    What  maximum  voltage  is  induced  in  the  coils? 

Prob.  37-2.  What  is  the  voltage  in  coils  of  Prob.  36  when  \i 
of  the  cycle  is  completed? 

Prob.  88-2.  How  much  of  the  cycle  in  Prob.  36  is  complete 
when  the  instantaneous  e.m.f.  is  80  volts  positive  and  increasing? 

Prob.  39-2.  It  is  desired  to  generate  a  maximum  alternating 
e.m.f.  of  10,000  volts.  The  number  of  concentrated  conductors  in 
series  in  each  path  of  the  armature  is  500.  There  are  two  poles 
and  the  machine  is  run  at  a  speed  of  2400  r.p.m.  How  many  lines 
of  force  must  there  be  in  the  field? 

Prob.  40-2.  A  4-pole  2-brush  a-c.  generator  has  1000  concen- 
trated conductors  in  series  on  the  armature.  Flux  from  each  pole 
is  6  X  10^  lines.  It  is  desired  to  generate  a  voltage  of  7550  maxi- 
mum.   At  what  speed  must  machine  run? 

Prob.  41-2.  What  would  be  the  instantaneous  voltage  when 
the  e.m.f.  of  machine  in  Prob.  39  had  completed  165°  of  its  cycle? 

Prob.  42-2.  What  would  be  the  average  voltage  of  the  gener- 
ator in  Prob.  40  if  the  speed  were  reduced  one-half  and  the 
flux  doubled? 

Prob.  43-2.  (a)  What  is  the  frequency  of  the  generator  in 
Prob.  31?  (6)  Of  the  generator  in  Prob.  39?  (c)  In  Prob.  40? 

17.  Altemating  Currents  of  ElectricHy.  It  is  natural  to 
expect  that  when  an  altemating  e.m.f.  of  sine  wave  form  is 
impressed  upon  a  circuit,  an  altemating  current  of  the  same 
wave  form  will  be  set  up  in  the  circuit;  and  this  is  the 
fact  except  in  a  very  few  special  cases  which  will  be  taken 
up  later. 

The  diagrams,  Fig.  25-39,  which  have  been  drawn  to 
show  the  relation  between  instantaneous  values  and  the 
maximum  value  of  altemating  e.m.f.,  serve  just  as  well  to 
show  the  relation  between  instantaneous  values  and  the 
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mftximnTn  value  of  alternating  current.  We  have  merely  to 
put  iij  ta,  Ifny  iiy  U,  "  t'l,  etc,  in  the  place  of  61,  62,  etc.,  and 
all  diagrams  show  current  instead  of  voltage  relations. 

The  same  three  methods  that  we  used  for  e.m.f.  values 
can  be  used  to  solve  problems  in  ciurent  values. 

(1)  Thus  in  Fig.  40,  which  is  identical  with  Fig.  37  ex- 
cept for  the  lettering,  ti  is  the  current  at  30°  from  zero 


^1 


uN 


Fia.   41.     Vector  dia- 
gram of  the  current 
FiQ.  40.    A  sine  curve  of  alt^nating  current      showing  the  instanta- 
showing  the  values  at  each  instant.  neous  value  (i)  after 

30®  have  elapsed. 

value,  tj  the  value  of  the  current  at  60°,  and  7m  at  90°,  etc. 
The  current  thus  follows  a  curve  of  the  same  shape  as  that 
of  the  e.m.f . 

(2)  The  instantaneous  values  can  also  be  represented  by 
a  vector  or  clock  diagram,  as  in  Fig.  41,  which  is  identical 
with  Fig.  27  except  for  the  lettering.  /«  represents  the 
maximum  value  of  the  current,  and  ii  represents  the  value 
of  the  cmrent  at  the  instant  30°  after  the  zero  value;  ii  is 
equal  to  /«  sin  30°,  and  can  be  found  from  the  general 
equation: 


(3) 
when 


i  =  Jmsin^; 

{  =  instantaneous  value  of  an  alternating  current 
Im  =  maximum  value 
0  =  phase  angle  in  electrical  degrees. 


As  in  the  case  of  the  alternating  e.m.f.  it  is  best  to  use  all 
three  methods  for  solving  each  problem. 
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Prob.  44-2.  What  is  the  instantaneous  value  of  an  alternating 
current  at  2Xf  phase?    The  maximum  value  is  65  amperes. 

Prob.  46-2.  What  is  the  maximum  value  of  an  alternating 
current  when  the  value  at  the  65*^  instant  is  114  amperes? 

Prob.  4^2.  What  are  the  instantaneous  values  of  current  in 
Prob.  45  at  the  180°  instant;  200**;  300°? 

18.  Effective  Value  of  Alternating  Current.  Just  as 
the  average  value  of  an  alternating  e.jn.f.  equals  0.636  of 
the  maximum  value^  so  the  average  value  of  an  alternating 
current  equals  0.636  of  its  maximum  value.  But  we  do  not 
measure  an  alternating  current  by  its  average  value,  so  this 
fact  is  of  little  use.  We  use  instead  what  is  called  the 
effective  value  of  the  current,  for  the  following  reasons. 

An  alternating  ciurent  really  has  no  unit  of  its  own,  so 
we  measure  it  in  terms  of  the  direct-current  unit  —  the 
ampere.  To  have  the  alternating-current  ampere  exactly 
equal  the  direct-current  ampere,  it  must  produce  the  same 
effect  as  the  direct-current  ampere.  Now  an  ampere  is 
defined  as  that  steady  rate  of  flow  which  will  deposit  a 
standard  amount  of  silver  from  a  standard  solution  in  one 
hour.  But  an  alternating  current  is  not  a  steady  current 
and  neither  will  it  deposit  any  silver  from  a  solution;  since 
whatever  it  deposits  during  one-half  a  cycle  it  takes  off  the 
next  half,  when  it  is  flowing  in  the  reverse  direction. 

Accordingly,  in  order  to  compare  the  alternating  with  the 
direct  current,  we  must  use  some  other  property,  which 
both  kinds  of  current  possess.  The  most  natural  is  the 
heating  effect  of  each. 

Therefore  an  alternating  current  is  said  to  be  equivalent 
to  a  direct  current  when  it  produces  the  same  average 
heating  effect,  under  exactly  similar  conditions.  This  value 
\a  called  the  effective  value  of  an  alternating  current,  and  is 
equal  to  the  amperes  of  the  direct-current  equivalent.  It 
is  somewhat  greater  than  the  average  value,  being  equal  to 
0.707  of  the  maximum  value. 
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Why  the  effective  value  is  greater  thaa  the  average  value, 
can  be  explained  as  follows. 

The  heating  effect  of  any  electric  current  is  proportional 
at  every  instant  to  the  square  of  its  value  at  that  instant. 
Therefore  the  heating  effect  of  an  alternating  current  during 
any  period  of  time  would  depend  upon  the  squares  of  all  the 
instantaneous  values  during  that  length  of  time.  It  would 
not  do  to  get  the  average  of  all  these  instantaneous  values 
and  square  them  in  order  to  find  the  average  heating  effect. 
This  average  heatmg  effect  can  be  found  only  by  squaring 
all  the  instantaneous  values  and  then  averaging  these. 

At  first  thought  it  might  be  supposed  that  it  makes  no  difference 
whether  we  find  the  average  of  the  values  first  and  then  square 
them,  or  square  the  values  and  then  find  the  average.  Suppose  we 
try  this  on  two  simple  values  like  4  and  6. 

Squaring  them  first 

4  X  4  =  16 

6X6  =^ 

2)52 

Average  of  the  squares  »  26 


Averaging  them  first 


4+6      _ 
=  o. 


2 

6  X  5  =  25. 
Square  of  the  average  =  25. 

Average  of  the  squares  =  26. 

This  shows  clearly  that  the  average  of  the  squares  of  numbers  is 
greater  than  the  square  of  the  average  of  the  numbers. 

We  have  seen  that  the  heating  effect  depends  upon  this 
larger  value  —  the  average  of  the  squares.  Our  problem  is 
then  to  find  some  number,  which  when  squared  will  be  equal 
to  the  average  of  the  squares  of  all  the  instantaneous  values. 
This  number  is  found  by  squaring  all  the  instantaneous 
values  first,  averaging  them,  and  then  taking  the  square 
root  of  them.  This  value  then  is  the  number  of  both  direct- 
current  amperes  and  alternating-current  amperes  which 
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m 

would  produce  the  same  heating  effect;  the  heatuxg  effect 
of  each  current  bemg  proportional  merely  to  the  square  of 
this  number. 

The  effective  value  of  an  alternating  current  is  thus  often 
called  the  "square  root  of  mean  squares,"  or  the  R.  M.  S. 
(root-mean-square)  value  because  it  can  be  found  by  squar- 
ing a  number  of  the  instantaneous  values  in  a  cycle, 
finding  the  average  of  these  squares,  and  then  extracting 
the  square  root.  This  effective  value  of  an  alternating 
current  is  the  current  which  the  a-c.  ammeters  indicate 
and  is  the  value  by  which  alternating  currents  are  meas- 
ured, unless  it  is  definitely  specified  otherwise. 

•        That  the  effective  value  is  equal 

■    to  0.707  of  the  maximiun  value  can 
be  shown  by  the  following  problem. 


R = 4  Ohms  Prob.  47-2.    Assume  an  alternating 

current,  for  convenience  say  of  10  am- 
peres maximum  value,  and  a  frequency 

pjrST  The  alternating  cur-  <>^.  25  cycl^.     It  is  desired  to  deter- 

rent  wiU  heat  the  4-ohm  wire,  ^"^f  *^^  direct  current  to  which  it  is 

equivalent;  that  is,  its  effective  value. 

Assume  for  convenience  this  current  to  run  through  a  4-ohm  wire 

immersed  in  water  in  a  calorimeter,  Fig.  42. 

Construct  on  fine  coordinate  paper  a  sine  curve  of  cur- 
rent i,  Fig.  43,  having  a  maximum  value  of  10  amperes, 
using  at  least  10  instantaneous  values  of  current  for  each 
loop. 

The  rate,  in  calories  per  second,  at  which  heat  is  given  off 
by  each  instantaneous  current  thus  drawn  would  equal 
(0.24  fl)  times  the  square  of  this  instantaneous  current. 
Therefore,  square  each  value  of  i,  and  multiply  the  result  by 
0.24  X  4,  or  0.96,  and  plot  curve  H  and  Hi  from  these  val- 
ues. Note  that  the  square  of  a  negative  (i)  is  positive; 
thus  Hi  is  above  the  line.  The  area  included  in  these 
loops  represents  and  is  directly  proportional  to  the  heat 
given  off  by  all  the  instantaneous  currents  during  one  com- 
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plete  cycle.  This  is  seeo  to  be  true  from  the  fact  that  the 
area  of  the  loope  equals  the  average  length  of  the  ordinates 
multiplied  by  the  abscissie.  The  ordinates  equal  0.24  i*5, 
and  the  abscisste  are  time  units.  Thus  the  product  of  the 
ordinates  times  abscissfe  equals  heat. 


Fia.  43.    The  area  of  the  loops  H  and  Hi  represent  the  beat  given  aS 

in  one  cycle. 

Since  the  horizontal  axis  represents  the  time  (^  second), 
the  area  of  these  two  loops  must  be  the  total  amount  of  heat 
which  was  generated  during  jt  second.  Find  the  area  by 
noting  the  number  of  the  smallest  squares  of  the  cross- 
Eection  paper  which  the  curves  cover. 

Compute  from  the  equation  H  =  0.24  P  Rt  the  value  of 
a  direct  current  which  would  develop  the  same  amount  of 
heat  in  this  resistance  in  a^i  second.  This  is  the  effective 
value  of  the  above  alternating  current.  State  what  part  of 
the  maximum  value,  10  amperes,  this  effective  value  is. 

Prob.  48-3.  The  maximum  value  of  an  alternatii^  current  Is 
4  amperes.  Plot  the  sine  curve  of  one  cycle  of  this  current,  find 
the  instantaneous  values  for  every  2°.  Square  these  instan- 
taneous values  and  find  the  average  of  the  squares.  Extract  the 
square  root  to  find  the  effective  current.  What  fraction  of  the 
maximum  current  is  this  efiiective  current? 
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From  each  of  the  above  problems  it  is  fomid  that  the  efiPective 
value  of  an  alternating  current  is  approximately  0.707  of  the  maxi- 
mum value.    By  an  equation  this  may  be  stated, 

/  =  0.707  U 
or 

/m  =  1.41/. 
But  1.41  =  V5. 

Accordingly  the  equation  is  often  written 

where  /«•  =  maximimi  value  of  the  ciurent. 

I  =  effective  value  of  the  current. 

19.  Effective  Value  of  Alternating  E.M.F.  Since  the 
sine  wave  is  also  the  standard  wave  form  for  an  alternating 
e.m.f.,  the  effective  value  of  the  e.m.f.  is  also  0.707  of  the 
maximimi  value.  This  relation  is  expressed  by  the  equa- 
tions ip 

£  =  0.707  JE«  =  ^. 

V2 

or  E^^\AIE^V2E, 

where  Em  =  maximum  value  of  e.m.f. 

E  =  effective  value  of  e.m.f. 

When  we  speak  of  an  alternating  current  of  so  many 
amperes  and  an  alternating  e.m.f.  of  so  many  volts,  it  is 
always  the  effective  current  and  the  effective  voltage  that  is 
understood.  The  effective  values  are  the  standard  values 
of  alternating-current  quantities,  and  instruments  are  grad- 
uated to  read  in  terms  of  effective  values. 

The  effective  values  of  current  and  voltage  may  also  be 
used  in  the  vector  diagrams  instead  of  the  maximum  values, 
since  the  effective  value  is  always  the  same  definite  frac- 
tional part  of  the  maximmn  value  of  a  sine  wave.  This 
merely  amounts  to  increasing  the  scale  of  the  diagram. 
However,  if  it  is  desired  to  use  such  diagrams  for  obtaining 
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instantaneous  currents  and  voltages,  it  is  necessary  always 
to  multiply  the  values  taken  from  the  diagrams  by  V2,  or 
1.41. 

Example  5.  What  is  the  effective  value  of  an  alternating  cur- 
rent whose  maximum  value  is  48  amperes? 

/  =  0.707  X  48  =  33.9  amperes. 

Prob.  4&~2.  The  effective  value  of  an  alternating  current  is 
15  amperes.  What  is  the  greatest  instantaneous  value  of  this 
current? 

Prob.  60-2.  What  is  the  average  value  of  the  cmrent  in  Prob. 
49? 

Prob.  51-2.  The  effective  value  of  an  .alternating  current  is 
250  amperes.    What  is  the  instantaneous  value  at  the  30^  instant? 

Prob.  62-2.  What  is  the  effective  value  of  an  altematuig 
e.m.f.  if  the  instantaneous  value  at  50°  is  500  volts? 

Prob.  6S-2.    What  is  the  effective  e.m.f.  in  Prob.  30? 

Prob.  64-2.    What  is  the  effective  voltage  in  Prob.  31? 

Prob.  66-2.  What  would  a  voltmeter  read  if  put  across  the 
terminals  of  the  m^hine  in  Prob.  33? 

Prob.  66-2.  If  you  put  a  voltmeter  across  the  terminals  of  the 
generator  of  Prob.  36,  how  much  would  it  indicate? 

Prob.  67-2.  At  what  speed  must  generator  in  Prob.  39  run  to 
generate  10,000  volts? 

Prob.  6S-2.  At  what  speed  must  generator  in  Prob.  39  run  in 
order  to  generate  7550  volts? 

Prob.  6&-2.  It  requires  about  200  amperes  alternating  current 
to  thaw  out  in  a  given  time  an  ordinary  i-inch  lead  water  pipe 
which  has  been  frozen.  If  direct  current  were  used,  how  many 
amperes  would  be  needed  to  thaw  out  the  pipe  in  the  same  time? 

20.  Relation  Between  Effective  E.M.F.  and  Effective 
Current.  Impedance.  When  studying  direct  currents 
we  found  that  a  certain  ratio  always  existed  between  the 
voltage  across  the  circuit  and  the  current  flowing  through 
the  circuit.  This  ratio  we  called  the  resistance  of  the  circuit. 
Thus,  if  it  required  20  volts  to  force  10  amperes  direct 
current  through  a  circuit,  it  would  take  40  volts  to  force  20 
amperes^  or  10  volts  to  force  5  amperes,  and  we  said  that 
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the  resistance  of  the  circuit  was  2  ohms.  That  is,  the  ratio 
of  the  voltage  to  the  current  was  2,  or  we  require  two  volts 
pressure  to  produce  each  ampere  of  current. 

^=2 

We  express  this  by  the  equation 

'^—  p 
J-  -  it, 

where  E  =  direct  e.m.f.  in  volts. 

/  =  direct  current  in  amperes. 
R  =  resistance  in  ohms. 

Similarly  there  is  a  certain  ratio  between  the  alternating 
voltage  of  a  given  frequency  across  a  circuit  and  the  alter- 
nating current  which  it  will  force  through  the  circuit. 

But  this  ratio  is  usually  not  the  same  as  the  ratio  would 
be  between  the  direct  voltage  and  the  direct  current  in  the 
same  circuit.  Thus  20  volts  alternating  e.m.f.  may  not 
force  just  10  amperes  alternating  current  through  a  line 
through  which  20  volts  direct  e.m.f.  would  force  10  amperes 
direct  current. 

Accordingly,  we  call  the  ratio  between  the  alternating 
e.m.f.  of  a  given  frequency  and  the  current  which  it  forces 
through  a  given  circuit,  the  impedance  of  the  circuit  for 
that  frequency  and  magnetic  condition  of  the  circuit,  in 
order  to  distinguish  it  from  the  resistance.  The  impedance 
is  measured  in  ohms,  just  as  is  resistance.  We  write  it  in 
the  form  of  an  equation 

Effective  e.m.f.    __  ,  ^ 

Effective  current 
or  E      „ 

7  =  ^, 

*  Since  it  does  not  affect  tlie  value  of  the  ratio  if  maximum  values 
are  used  for  both  numerator  and  denominatori  when  the  current  and 
e.m.f.  both  have  sine  wave  form  the  equation  may  be  written 
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where         E  =  effective  alternating  e.m.f.  in  volts. 

/  =  effective  alternating  current  in  amperes. 
Z  =  impedance  in  ohms. 

Thus,  if  it  requires  20  volts  alternating  e.m.f.  to  force  10 
amperes  through  a  circuit,  we  would  say  that  the  impedance 
of  the  circuit  was  fj,  or  2  ohms. 

The  resistance  of  the  same  circuit  may  be  considerably 
less  than  2  ohms.  The  impedance  of  a  circuit  will  be  the 
same  as  the  resistance  only  when  there  is  practically  no 
magnetic  or  electrostatic  effect  produced  by  the  current. 
This  is  very  rarely  the  case,  and  the  impedance  of  an  electric 
circuit  is  an  important  factor  in  alternating-current  work. 

Example  6.    What  impedance  has  a  circuit  through  which  110 
;  volts  alternating  e.m.f .  is  able  to  force  5  amperes? 

^-! 

=  22  ohms. 

Prob.  W)-2.  The  impedance  of  an  electric  circuit  under  certain 
conditions  is  40  ohms.  How  many  amperes  can  2100  volts  force 
through  this  circuit  under  these  conditions? 

Prob.  61-2.    How  many  volts  would  be  required  to  force  18 
amperes  through  the  circuit  in  Prob.  60,  assuming  aU  electrostatic 
I  and  magnetic  conditions  to  remain  the  same? 

Prob.  62-2.  What  is  the  maximum  value  of  the  current  in 
Prob.  60? 

,  Prob.  63-2.    An  impedance  coil  takes  4.35  amperes  when  across 

a  110-volt  a-c.  system.  What  current  will  the  same  coil  take 
when  across  a  440-volt  a-c.  system,  all  other  conditions  remaining 
the  same? 

Prob.  64-2.    A  transmission  line  canying  alternating  current 
has  a  "drop"  of  52  volts  for  10  miles  of  line  wire  when  transmit- 
ting 45  amperes.     What  is  the  impedance  of  the  line  per  mile  for 
^  the  frequency  and  the  spacing  of  line  wires  here  used? 

I  Prob.  65-2.    An  electric  circuit  has  an  impedance  of  25  ohms 

when  an  alternating  current  of  a  certain  frequency  is  sent  through 
it.  .  What  average  value  must  the  voltage  across  the  circuit  have 
when  the  maximum  current  is  32  amperes? 


SUMMARY  OF  CHAPTER  U 

ALTERNATING  CURRENT  is  the  term  used  to  distin- 
guish an  electric  current  which  flows  back  and  forth  in  a  circuit 
from  a  direct  current  which  always  flows  in  the  same  direction* 

A  CYCLE  is  said  to  be  cbmpleted  when  an  alternating 
current  has  passed  through  one  complete  set  of  values  in 
both  directions. 

THE  FREQUENCY  is  the  number  of  cycles  completed  in 
one  second. 

THE  ACTION  OF  WATER  IN  A  CLOSED  PIPE 
SYSTEM,  operated  by  a  valveless  pump  driven  by  an  engine 
with  a  slotted  yoke,  gives  a  fair  picture  of  the  action  of  elec- 
tricity in  a  closed  circuit  The  water  current  flowing  through 
the  system  at  any  given  time  depends  upon  the  speed  of  the 
piston,  which  in  turn  depends  upon  the  position  of  the  crank. 

The  speed  of  the  piston,  and  thus  the  amount  of  the  water 
current,  is  exactly  proportional  to  the  sine  of  the  angle  ^  which 
the  crank  is  making  with  the  "  dead-center  "  position. 

THE  EQUATION  for  the  water  current  flowing  at  any 
instant  is 

i  =  J„  sin  <^ 
where  i  =  instantaneous  current 

Jm  =  marimum  current 
4>  =  angle  which  crank  is  making  with  **  dead- 
center  "  position. 

THE  SINE  CURVE  is  also  used  to  show  this  relation  be- 
tween current  and  crank  position.  This  form  of  wave  is  nature's 
standard,  as  illustrated  by  pendulum  motion,  etc.,  and  has 
been  adopted  by  engineers  as  the  standard  wave  form  which 
an  alternating  current  should  be  made  to  follow. 

THE  VECTOR  DIAGRAM,  a  snap-shot  picture  of  the 
cuirent,  is  also  used  to  show  this  relation  of  current  to  crank 
position.  The  vector  is  a  line  drawn  at  the  same  angle  to  the 
horizontal  that  the  crank  midces  to  the  "dead-center"  posi- 
tion. The  length  of  the  vector  when  drawn  to  scale  represents 
the  maximum  current  in  the  pipe,  and  the  vertical  projection 
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of  the  vector  then  equals  the  value  of  the  current  flowing  when 
the  crank  is  at  that  given  position. 

AN  ALTERNATING  £.M.F.  of  standard  wave  form  goes 
through  the  same  cycle  as  the  water  current  in  the  above 
system,  and  is  represented  by  the  same  equation,  the  same 
sine  curve  and  the  same  vector  diagram. 

The  equation  usually  has  the  form 

6  =  JStn  sin  0 
where  e  =  the  instantaneous  voltage- 

Em  =  the  maTimum  voltage 
4t  =  the  degrees  of  the  cycle  which  have  been 
completed. 

A  complete  cyde  is  divided  into  360^;  thus  if  a  quarter  of 
the  cycle  has  been  completed  at  any  instant,  90^  are  said  to 
have  been  completed,  etc. 

FOR  A  GENERATOR  with  concentrated  armature  win< 

.  .      number  of  lines  cut  per  i^c. 

Av.  ejn.f.  = ' 5 1 

10^ 

B!m=  1*57  av*  e.m.f. 
Av.  e  =  0.636  Er 


or 


'm» 


AN  ALTERNATING  CURRENT  OF  ELECTRICITY  is  set 
up  by  an  alternating  e.m.f .  These  currents  usually  have  the 
same  equation,  same  sine  curve  and  same  vector  diagrams. 

THE  EFFECTIVE  VALUE  OF  AN  ALTERNATING 
CURRENT,  which  is  the  value  always  meant  unless  some 
other  is  specified,  is  that  value  in  amperes  of  an  alternating 
current  which  will  produce  the  same  heating  effect  as  a  direct 
current  of  the  same  number  of  amperes.  The  effective  value 
equals  the  square  root  of  the  average  of  the  squares  of  all  the 

instantaneous  values,  and  is  equal  to  0.707  or  --=  times  the 

V2 

mazimum  value.    The  equation  is 

I  =  0.707  Im 

Im 

V2 
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where  I  =  effective  current  in  amperes. 

In  =  mflTimtim  current  in  amperes* 
Similarly 

JE7  =  0.707  -Bmi 

where  E  =  effective  e.m.f.  in  volts. 

The  effective  values  are  often  used  in  vector  diagrams  ior 
stead  of  the  maximum. 

IMP£DANCE  is  the  name  given,  to  the  result  obtained  by 
dividing  the  effective  value  of  an  alternating  ejn.f.  by  the 
effective  value  of  the  alternating  current  which  it  can  force 
through  a  given  circuit  under  given  conditions. 

In  an  equation  this  is  expressed 


or 
or 


z  = 

E 

I 

E^ 

E  = 

IZ 

1  = 

E 

where  Z  is  impedance  in  ohms. 


PROBLEMS  ON  CHAPTER  H 

66-2«  The  current  in  a  piping  system  similar  to  Fig.  9  is  8 
gal. /sec.  when  the  crank  is  at  the  70^  position.  What  is  the  maxi- 
mum current  which  is  forced  through  the  system  at  this  crank- 
shaft speed? 

67-2.  At  what  angles  is  the  crank  in  Prob.  66  when  the  current 
is  6  gal. /sec.  clockwise? 

6fr-2.  At  what  angles  is  the  crank  in  Prob.  66  when  the  current 
is  6  gal. /sec.  counter-clockwise? 

69-2.  The  maximum  current  in  a  pipe  system  similar  to  Fig.  9 
is  200  gal./min.  At  what  positions  of  the  crank  will  the  value  be 
150  gal./min.?  State  in  each  case  whether  the  current  is  clockwise 
or  coimter-clockwise. 

70-2.  The  equation  for  the  instantaneous  current  in  a  system 
like  Fig.  9  is  i  =  150  gal./hi.  X  sin  25°.  What  is  the  mstan- 
taneous  value  when  145°  of  the  cycle  have  been  completed? 

71-2.  Through  how  many  degrees  from  dead-center  has  the 
crank  passed  when  the  instantaneous  value  of  the  current  in 
Prob.  70  is  —  65  gal./hr.  and  dying? 

72-2.  Through  how  many  degrees  has  crank  passed  when  the 
instantaneous  value  of  the  current  in  Prob.  70  is  —  65  gal./hr. 
and  growing? 

78-2.  The  instantaneous  value  of  an  alternating  water-current 
is  160  gal./hr.  when  the  crank,  Fig.  9,  is  at  the  75°  position.  What 
is  the  instantaneous  value  when  the  crank  is  at  the  215°  position? 

74-2.  What  is  the  instantaneous  value  of  current  in  Prob.  73 
when  the  crank  is  at  the  270°  position? 

7I^2.  What  is  the  instantaneous  value  of  the  current  in  Prob. 
73  when  tjhe  crank  is  at  the  90°  position? 

76-2.  At  what  positions  of  the  crank  would  the  current  in  Prob. 
73  be  -  160  gal./hr.? 

77-2.  The  instantaneous  value  of  an  alternating  current  is 
120  gal./hr.  when  the  crank  is  at  the  100°  position  (Fig.  9).  What 
18  the  value  when  the  crank  has  reached  the  180°  position? 

71 
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79-2.  A  12-pole  60-cyde  alternator  has  9  X  10*  lines  per  pole. 
There  are  300  conductors  concentrated  in  series  on  the  armature. 
What  maximum  e.m.f.  does  machine  generate? 

79-2.  If  machine  in  Prob.  78  were  run  as  a  25-cycIe  generator, 
what  maximum  e.m.f.  would  it  generate? 

80-2.  At  what  speed  must  generator  in  Prob.  78  be  run  to  gen- 
erate a  40-cycle  e.m.f.? 

81-2.  What  would  be  the  maximum  voltage  of  generator  of 
Prob.  80? 

82-2.  A  generator  produces  an  e.m.f.  which  has  a  maximum 
value  of  1000  volts.  What  is  the  value  of  e.m.f.  at  an  instant 
0.001  second  after  the  maximum  +  value,  if  the  frequency  is  60 
cycles  per  second? 

8S-2.  Suppose  the  sine  wave  of  e.m.f .  referred  to  in  Problem  82 
had  a  frequency  of  25  cycles  per  second,  what  would  be  the  value 
of  e.m.f.  0.001  second  after  the  maximum  value  +  1000  volts? 

84-2.  In  Problem  82  what  would  be  the  e.m.f.  0.01  second 
after  the  maximum  value  +  1000  volts? 

86-2.  In  Problem  83  what  would  be  the  e.m.f.  1.25  seconds 
after  the  maximum  value  +  1000  volts? 

86-2.  What  value  will  the  e.m.f.  in  Problem  82  have  at  an  in- 
stant 0.001  second  before  the  maximum  value  +  1000  volts? 

87-2.  What  are  the  values  of  the  e.m.f.  at  instant  0.001  second 
before  and  0.001  second  after  the  zero  value,  if  the  maximum  in- 
stantaneous value  is  1000  volts  and  the  frequency  25  cycles  per 
second? 

88-2.  The  value  of  the  e.m.f.  of  a  generator  i^  + 100  volts  at 
an  instant  0.001  second  after  the  zero  value.  What  is  the  maxi- 
mum value  of  the  sine  e.m.f .  wave,  if  the  frequency  is  60  cycles 
per  second? 

89-2.  What  is  the  maximiun  value  of  the  e.m.f.  of  the  generator 
of  Problem  88,  if  the  frequency  is  25  cycles  per  second,  other  things 
being  equal? 

90-2.  There  is  a  time  interval  of  0.01  second  between  two  suc- 
cessive zero  values  of  the  e.m.f.  of  a  generator,  whose  variations 
are  represented  by  a  sine  wave.  What  is  the  frequency  of  the 
e.m.f.  in  cycles  per  second,  and  what  is  the  period  in  seconds? 

91-2.  The  interval  of  time  between  the  maximum  values  of 
e.m.f.  +  1000  and  —  1000  volts  in  a  circuit  canying  alternating 
current  is  0.004  second.    If  the  e.m.f .  is  varying  according  to  the 
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sine  law,  what  is  the  value  at  an  instant  0.001  second  after  +  1000 
volts? 

92^-2.  In  the  circuit  referred  to  in  Problem  91,  what  is  the  value 
and  direction  of  the  e.rni.  at  an  instant  0.001  second  after  the 
value  +  300  increasing? 

93-2.  A  generator  whose  e.m.f.  alternates  according  to  the  sine 
law  is  turned  very  slowly  but  at  uniform  speed,  with  constant 
field  excitation  of  normal  value,  and  no  load.  A  direct-current 
voltmeter  attached  to  its  terminals  deflects  alternately  above  and 
below  the  zero  mark,  reaching  the  maximum  positive  value  of 
125  volts  just  44  times  in  62  seconds  by  careful  count.  If  this 
machine  has  8  poles,  what  must  have  been  its  speed  in  revolutions 
per  minute? 

94-2.  At  what  speed  in  r.p.m.  must  this  generator  in  Prob.  93 
turn  in  order  to  give  its  rated  frequency  of  60  cycles  per  second? 

96-2.  When  driven  at  this  speed  with  the  same  field  excitation 
as  in  Problem  93,  what  will  be  the  maximum  value  of  the  e.m.f . 
produced? 

9^2.  How  many  space  degrees  does  the  armature  of  the  gen- 
erator in  Prob.  94  move  through,  during  the  shortest  time  required 
for  the  e.m.f .  to  change  from  +  600  to  —  400  volts? 

97-2.  The  e.m.f.  of  a  generator,  varjring  according  to  the  sine 
law,  has  a  value  of  +  120  volts  at  a  certain  instant,  and  rises  to 
the  maximum  value,  +  600  volts,  0.0012  second  later.  What  is 
the  frequency,  in  cycles  per  second? 

98-2.  A  chronograph,  or  time-marking  device  to  indicate  ex- 
tremely small  intervals  of  time,  is  made  by  drawing  a  strip  of 
paper  between  two  needle  points  connected  to  the  terminals  of  a 
high-tension  8-pole  generator  whose  e.m.f.  varies  according  to  the 
sine  law,  and  has  a  maximum  value  of  1100  volts.  The  paper  is  of 
such  kind  and  thickness  that  it  punctures  when  the  e.m.f.  reaches 
1000  volts,  and  there  is  a  high  resistance  in  circuit  to  prevent  an 
arc  from  forming  after  the  spark  passes.  Draw  a  sketch  showing 
what  you  think  the  record  would  look  like  if  the  paper  were  drawn 
in  a  straight  line  between  these  needle  points  at  a  speed  of  1  foot 
per  second,  while  the  generator  is  being  turned  at  1500  rev.  per 
minute.    Dimension  all  parts  of  the  sketch. 

9^2.  Suppose  the  distance  between  the  middle  of  adjacent  per- 
forations on  the  strip  were  0.15  inch,  the  speed  of  the  generator 
having  been  measured  as  1456  r.p.m.  at  the  time  the  record  was 
taken^  What  period  of  time  did  each  inch  of  length  of  the  strip 
represent,  the  perforations  being  uniformly  distributed? 
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100-2.  Sketch  the  appearance  which  the  record  taken  as  in 
Problem  98  might  have,  if  the  field  excitation  were  adjusted  to 
give  a  maximum  e.m.f.  of  2200  volts.  From  a  comparison  of  the 
results  of  these  two  problems,  state  how  the  voltage  should  be  ad- 
justed to  get  the  greatest  accuracy  in  the  time  record. 

101-2.  The  pole  pieces  of  a  certain  a-c.-generator  are  so  de- 
signed that  the  e.mi.  induced  in  each  individual  conductor  on  the 
armature  varies  according  to  the  sine  law,  the  speed  of  rotation  of 
the  armature  being  perfectly  steady  at  every  instant.  The  actual 
speed  of  the  conductor  is  4398  feet  per  minute.  The  generator 
haj9  6  poles.  The  active  length  of  each  conductor  is  18  inches 
and  the  maximum  value  of  e.m.f.  induced  in  it  is  1.8  volts. 
Calculate  the  flux  density  in  lines  per  square  inch  at  the  middle  of 
the  pole  where  the  flux  is  most  dense,  and  also  at  points  10,  20,  30, 
40,  50  and  60  mechanical  degrees  either  side  of  this  point. 

102-2.  Construct  a  table  of  possible  speeds  for  60-cycle  gener- 
ators having  various  numbers  of  poles  up  to  40. 

103-2.  Construct  a  similar  table  for  a  line  of  25-cycle  gener- 
ators. 

104-2.  A  reciprocating  piunp  such  as  illustrated  in  Fig.  9  de- 
livers 500  gallons  per  minute,  and  makes  30  single  strokes  per 
minute. 

Calculate: 

(a)  The  maximum  rate,  in  gal.  per  minute,  at  which  water  is 
delivered  at  any  instant  during  a  stroke. 

(6)  The  rate  of  flow  as  the  crank  passes  dead-centers. 

(c)  The  rate  of  flow  as  the  crank  passes  successively  through  po- 
sitions 22.5°,  45^  67.5^  90°,  112.5°,  135°,  157.5°  and  180°  from 
dead-center. 

(d)  From  these  results,  the  average  rate  of  flow,  gal.  per  minute, 
for  one  complete  stroke.  Compare  this  average  with  the  value 
of  500  gal.  per  minute  which  was  assumed  at  the  beginning  of 
the  problem.    Explain  the  difference^  if  any  exists. 

105-2.  By  use  of  the  sine  equation  for  rate  of  flow,  calculate 
the  rate  in  gal.  per  minute  for  the  pump  in  Prob.  104  at  successive 
instants  0.1  second  apart,  starting  from  dead-center  and  continuing 
until  the  other  dead-center  is  reached.  Calculate  the  average  rate 
of  flow  from  these  values.  Compare  this  result  with  that  ob- 
tained in  the  preceding  problem,  and  explain  the  difference,  if  any 
exists. 
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106-2.  How  many  conductors  must  be  added  to  the  armature 
of  the  generator  in  Prob.  80  so  that  it  may  run  as  a  4(>-Gycle  machine 
and  deliyer  the  maximum  e.m.f.  of  Prob.  78? 

107-2.  It  is  desired  that  the  generator  in  Prob.  80  deliver  the 
same  mairimum  e.m.f.  that  it  does  in  Prob.  79.  If  the  change  is  to 
be  produced  by  changing  the  field  strength,  by  how  many  lines 
must  each  pole  be  weakened  or  strengthened? 

lOS-2.  A  60-cycle  alternator  having  24  poles  with  3  X  10^  lines 
per  pole  delivers  an  average  e.mi.  of  2000.  How  many  conductors 
are  there  in  series  on  the  armature,  the  winding  being  concentrated? 

109-2.  What  is  the  maximiun  voltage  of  generator  in'Prob.  108? 

110-2.  At  what  speed  does  generator  of  Prob.  108  run? 

111-2.  At  what  speed  would  generator  of  Prob.  108  run  to  de* 
liver  a  40-cycle  e.m.f.? 

112-2.  What  would  be  the  mfLYiTnnm  voltage  of  the  generator 
in  Prob.  Ill  other  things  being  equal? 

113-2.  By  how  many  lines  must  the  field  of  each  pole  of  gen- 
erator in  Prob.  Ill  be  increased  to  raise  the  maximum  e.m.f.  to 
that  of  generator  in  Prob.  108? 

114r-2.  What  is  the  instantaneous  positive  value  of  the  e.m.f.  of 
generator  in  Prob.  108,  ^^^  of  a  second  after  it  has  passed  through 
a  zero  value? 

116-2.  What  is  the  instantaneous  positive  value  of  the  e.m.f.  of 
generator  in  Prob.  HI,  ^^^  of  a  second  after  it  has  passed  through 
a  zero  value? 

116-2.  What  fraction  of  a  second  after  passing  through  a  maxi- 
miun value  will  the  instantaneous  e.m.f.  of  generator  in  Prob.  31 
first  be  100  volts? 

117-2.  What  fraction  of  a  second  after  passing  through  a  maxi- 
mum value  will  the  instantaneous  e.m.f.  of  the  generator  of  Prob. 
57  first  be  100  volts? 

116-2,  What  e^m.f.  does  generator  in  Prob.  40  generate? 

110-2.  An  incandescent  lamp  takes  an  alternating  current  of 
0.5  amp.  What  maximum  value  does  the  ciu'rent  through  the 
lampr^ch? 

120-2.  Assume  80  %  of  the  power  taken  by  the  lamp  in  Prob. 
119  is  given  ofif  in  heat.  How  many  calories  per  hour  does  the 
lamp  radiate,  if  the  resistance  is  200  ohms? 
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121-2.  How  many  calories  would  the  lamp  in  Prob.  120  radiate 
per  hour  if  a  direct  current  of  the  same  number  of  amperes  were 
flowing  through  it? 

122-2.  How  many  calories  of  heat  are  generated  in  one  minute 
in  a  40-ohm  resistance  by  the  passage  of  150  amperes  of  alternat- 
ing current? 

129-2.  How  many  amperes  of  direct  current  would  be  required 
to  generate  the  same  amoimt  of  heat  in  the  resistance  of  Prob.  122 
in  the  same  time? 

124-2.  The  heaters  in  trolley  cars  of  average  size  require  about 
9  amperes  direct  current.  The  resistance  of  a  heater  averages 
61  ohms.  How  many  B.t.u.  per  hour  are  used  in  heating  such  a 
car? 

12&-2.  What  would  be  the  maximum  value  of  an  alternating 
current  which  would  deliver  the  same  amount  of  heat  through  the 
same  resistance  to  the  car  of  Prob.  124  in  an  hour? 


CHAPTER  III 
SERIES  AND  PARALLEL  CIRCUITS 


VOLTAGE  AND  CURRENT  RELATIONS 

21.  Alternators  in  Series:  in  Same  Phase.  If  two  direct- 
current  generators,  one  delivering  110  volts  and  the  other 
90  volts,  are  joined  in  series,  as  in  Fig.  44,  the  combined 
voltage  across  the  two  is  exactly  equal  to  the  arithmetical 
simi  of  the  voltages  across  each,  or  200  volts.  Of  course,  if 
the  two  generators  are  so  joined  that  they  oppose  or  "buck" 


Fia.44.  Twodirect-cmrent 
generators  in  series.  The 
voltage  across  the  two 
equals  200  volts. 


Fig.  45.  Two  alternating-current 
generators  in  series.  The  volt- 
age across  the  two  may  not  be 
200  volts. 


each  other,  the  voltage  across  the  two  would  be  the  arith- 
metical difiference  between  the  separate  voltages,  110  —  90, 
or  20  volts. 

If  two  alternating-current  generators  with  sine-wave  volt- 
ages of  the  same  frequency,  but  one  having  an  e.m.f.  of  110 
volts,  the  other  90  volts  (effective),  are  joined  in  series  as  in 
Fig.  45,  the  combined  voltage  across  the  two  is  not  necessarily 
either  the  arithmetical  sum  or  the  arithmetical  difference  be- 
tween the  two  separate  voltages.  The  total  voltage  depends 
upon  the  phase  relations  between  the  voltages  of  the  two 
generators.    Suppose  that  they  are  exactly  in  phase,  that 
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is,  they  both  reach  the  maximum  value  in  the  same  direction 
at  the  same  instant;  let  us  see  what  the  resultant  voltage  is. 
The  conditions  may  be  illustrated  by  Fig.  46,  which  shows 
two  valveless  pumps  with  cylinders  of  the  same  length  joined 
together,  but  /  has  a  smaller  diameter  than  //.  Exactly  the 
same  thing  is  taking  place  in  both  pumps  at  the  same  in- 
stant; that  is,  one  piston  is  always  in  the  same  relative  posi- 
tion and  traveling  in  the  same  direction  and  at  the  same  rate 


Fig.  46.  The  pump  cylinders  /  and  II  are  bo  joined  that  the  water 
pumped  into  T  equals  the  sum  of  the  amount  pumped  by  each 
piston. 

as  the  other.  The  pimips  would  then  be  in  phase  with  each 
other.  At  the  instant  shown,  the  piston  in  cylinder  /  is  at 
the  central  position.  A,  and  is  tending  to  fill  the  stand-pipe 
T  and  to  empty  Ti.  At  this  same  instant,  the  piston  in 
cylinder  //  is  at  a  similar  position  and  traveling  in  the  same 
direction  and  is  also  tending  to  fill  stand  pipe  T  and  empty 
Ti.  Thus  they  both  tend  to  increase  the  difiference  in  level 
of  the  water  between  stand-pipes  T  and  Ti.  The  efifect  pro- 
duced is  the  sum  of  the  effects  of  each.  Therefore,  the  pres- 
sure head  A,  which  is  set  up  when  the  pistons  in  Fig.  47  are 
at  A  and  B,  respectively,  is  due  to  the  sum  of  the  volumes 
of  water  pumped  from  cylinder  /  and  cylinder  //. 
This  is  exactly  what  would  take  place  in  the  voltage  of 
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two  generators  when  joined  in  series  provided  they  are  in 
phase  with  each  other,  as  in  Fig.  45.    The  voltage  across 


Fig.  47.    The  pressure  bead  k  is  due  to  the  eum  of  the  quantities  of 
water  pumped  by  each  piston, 

the  combination  would.be  equal  to  the  arithmetical  sum  of 
the  voltage  across  each,  110  +  90,  or  200  volts, 
fig.  48  is  the  sine  curve  representation  of  this  case.    If 


Fia.  48.  The  heavy  curve  represents  the  sum  of  the  other  two  curres 
which  show  the  value  of  the  voltage  in  each  generator  of  Fig.  45  at 
evay  instant  throughout  one  cycle. 

(a)  is  the  maximum  voltage  of  generator  A,  and  (b)  the 
maximum  voltage  of  generator  B,  then  the  maximum  volt- 
age across  the  combination  when  in  phase  would  be  (a  +  b). 
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The  sum  of  any  two  instantaneous  values  taken  at  the  same 
instant  would  be  the  instantaneous  value  of  the  voltage 
across  the  series  combination  at  that  instant.  The  heavy 
line,  then,  is  merely  the  sum  of  the  other  two  curves.  Thus, 
point  R  is  foimd  by  adding  the  instantaneous  values  {TV) 
and  (SV)  together.  Point  W  is  found  by  adding  the  values 
i-NM)  and  (-NP)  together. 

Similarly,  in  the  vector  diagram.  Fig.  49,  the  vector  OA 
represents  the  maximum  e.m.f.  of  generator  A^  and  the 


Fig.  49.    Topographic  vector  diagram  of  e.mi.'s  of  the  generators  in 

Kg.  45. 

vector  AB  represents  the  maximum  e.m.f.  of  the  generator  B. 
The  sum  of  OA  and  AB  represents  the  maximum  e.m.f.  of 
the  two  joined  in  series. 

In  the  same  way  we  can  find  the  instantaneous  value 
across  the  combination  for  the  instant  at  which  the  vectors 
are  drawn,  that  is,  0°  after  the  zero  position.  OS  repre- 
sents the  instantaneous  value  of  the  e.m.f.  OA,  and  ST  rep- 
resents the  instantaneous  value  of  the  ^.m.f.  AB.  The 
sum  of  OS  and  ST  will  then  be  the  instantaneous  voltage, 
at  the  <^°  position,  across  the  two  generators  in  series. 

This  way  of  joining  vectors  is  called  the  topographic  method. 
Note  that  the  tail  A  of  the  vector  AB  is  joined  to  the  head  A 
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of  the  vector  OA.  Thus  the  sum  of  the  two  vectors  is  rep- 
resented by  the  Ime  OB,  which  is  made  up  of  OA  and  AB. 
If  OA  represents  127  volts  and  AB,  155  volts,  then  OB  rep- 
resents 282  volts.  Similarly,  the  sum  of  the  instantaneous 
values  of  the  e.m.f/s  is  shown  by  the  line  OT,  which  is  the 
sum  of  the  lines  OS  and  ST. 

Fig.  50  shows  the  polar  diagram  for  the  same  condition. 
Note  that  both  vectors  start  from  a  common  point  0.  The 
distance  OA  represents  the 
vector  OA  and  the  distance 
OB  represents  the  vector  OB, 
although  part  of  it  lies  along 
the  vector  OA.  There  is, 
then,  no  line  which  repre- 
sents their  sum.  But  no  in-  ~ 
convenience  is  occasioned  by 
this  lack,  since  we  draw  the 
vector  diagram  mainly  to  en- 
able us  to  write  correctly  the  I 

equation  from  which  the  volt-  r*.^  ca     i>  i         *     j-  / 

^  .  Fio.  50.     Polar  vector  diagram  of 

age  across  the  series  coipbma-  e.m.f /s  in  the  generators  of  Fig.  46. 
tion  can  be  found.    It  is  just 

as  easy  to  see  the  equation,  OA  +  OB  =  E,  from  this  dia- 
gram s&  OA  +  AB  —  E  from  the  topographic  diagram  in 
Fig.  49.    . 

Similarly,  it  is  just  as  easy  to  write  the  equation  for  the 
instantaneous  voltage;  OS  +  OT  =  e.  As  both  methods 
are  in  common  use,  they  will  both  be  used  throughout  this 
text. 

It  is  also  customary  in  many  problems  to  allow  the  vectors 
to  represent  the  effective  instead  of  the  maximum  values  of 
e.m.f.  or  current.  This,  in  reality,  merely  amounts  to 
changing  the  scale  of  the  diagram,  since  the  effective  value 
always  equals  0.707  of  the  maximum.  This  applies  to  both 
the  topographic  and  the  polar  diagram. 

Thus  OA,  in  either  Fig.  49  or  Fig.  50,  may  be  used  to  rep- 
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resent  the  90  volts  effective  across  generator  A ;  and  OB,  in 
Fig.  50,  and  AB  in  Fig.  49,  the  110  volts  effective  across 
generator  B,  From  Fig.  50  the  effective  voltage  across  the 
combination  is 

OA  +  OB  =  90  +  110  =  200  volts, 

or,  from  Fig.  49,  the  effective  voltage  across  the  combination 

is 

OA  +  AB=-90  +  110  =  200  volts. 

Of  course,  if  the  effective  values  are  used  for  the  vectors, 
the  lines  OS  and  OT  must  be  divided  by  0.707  in  order  to 
be  numerically  equal  to  the  instantaneous  values,  because 
an  instantaneous  value  does  not  equal  the  effective  value 
times  sin  ^,  but  the  maximum  value  times  sin  0. 


Fig.  52.  Topographic  vector 
diagram  of  two  e.m.f.'s  OA 
and  AB  in  series. 


Example  1.  The  maximum  e.m.f.  of  the  generator  A  (Fig.  45)  is 
127  volts  and  of  ^  is  155  volts.  What  is  the  maximum  e.m.f. 
across  the  combination? 

Draw  the  polar  vector  diagram  of  Fig.  51,  or  the  topographic 
diagram,  Fig.  52.  In  each  OA  represents  127  volts.  In  Fig.  51 
OB  represents  155  volts;  in  Fig.  52,  AB  represents  155  volts,  each 
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at  an  angle  of  50^  with  zero  position.    From  either  the  equation 
may  be  written; 

En,  (total)  =  127  +  155  =  282  volts. 

Example  2.  What  is  the  instantaneous  e.m.f.  across  the  com- 
bination of  Example  1,  when  the  e.mi.'s  are  50^  from  the  zero 
values? 

Solving  Fig.  51, 

OS  represents  the  instantaneous  value,  at  the  50°  position,  of 
the  e.mi.  OA. 

OT  represents  the  instantaneous  value,  at  the  50°  position,  of 
the  e.m.f.  OB, 

OS  +  OTf  the  instantaneous  value,  at  the  50°  position,  of  the 
voltage  across  the  two  generators. 

^  =  127  sin  50° 

=  127  X.0.766 

=  97.4  volts; 
OT  =  155  sin  50° 

=  155  X  0.766 

=  119  volts; 
OS  +  OT  =  97.4  +  119 

=  216  volts. 

Or  solving  Fig.  52,  OT  equals  the  instantaneous  value  of  the 
voltage  across  the  two  generators  at  the  50°  position. 

OT  =  OB  sin  50° 
=  282  X  0.766 
=  216  volts. 

By  both  methods  the  instantaneous  value  of  the  voltage  across 
the  combination  at  the  50°  position  equals  216  volts. 

Prob.  1-3.  What  would  be  the  instantaneous  value  at  the  165° 
position  of  the  e.m.f.  across  the  generators  in  Example  1? 

Prob.  2-3.  At  what  position  would  the  instantaneous  value  of 
the  e.m.f.  across  the  combination  of  Prob.  1  be  250  volts? 

Prob.  8-3.  The  instantaneous  value  of  the  e.m.f.  at  the  40° 
position  across  a  series  combination  of  two  a-c.  generators  of  equal 
voltage,  which  are  in  phase  with  each  other,  is  4370  volts.  What  is 
the  efifective  e.m.f.  of  each  generator? 

Prob.  4-3.  Two  alternators  producing  sine  wave  e.m.f.'s  of 
the  same  frequency  (60  cycles  per  second)  are  in  series:   a  volt- 
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meter  connected  across  one  of  them  reads  115  volts,  across  the  other 
230  volts,  and  across  the  combination  345  volts.  What  is  the 
phase  relation  between  these  e.m.f.'s?  Draw  a  topographic  and 
a  polar  diagram  of  vectors  to  represent  them. 

Prob.  5-3.  What  is  the  maximum  instantaneous  total  e.m.f .  of 
the  combination  of  alternators  in  Prob.  4  ?  How  much  time,  in 
seconds,  must  elapse  before  and  after  a  maximum  value,  for  the 
instantaneous  voltage  to  be  equal  to  the  effective  voltage? 

Prob,  6-8.  Draw  acc\irately  the  curve,  between  volts  as  ordi- 
nates  and  time  in  seconds  as  abscissas,  for  a  60-cycle  alternator 
generating  a  sine  wave  of  e.m.f.  having  an  effective  value  of  115 
volts.  To  the  same  scale  of  coordinates,  draw  another  curve  rep- 
resenting the  e.m.f.  of  an  alternator  in  series  and  in  phase  with 
the  first,  this  alternator  giving  a  voltmeter  reading  of  230  volts. 
Calculate  the  resultant  voltage  of  the  two  alternators  in  series,  at 
instants  separated  by  intervals  of  t^v  second,  and  through  the 
points  so  located  draw  the  curve  of  resultant  volte^e.  On  the 
same  sheet  and  to  the  same  scales  construct  a  sine  curve  of  e.m.f. 
having  the  same  maximum  ordinate  as  this  curve  of  resultant 
voltage,  calculating  values  15  electrical  degrees  apart  by  aid  of  a 
table  of  sines.  What  do  you  prove  by  a  comparison  of  this  sine 
curve  with  the  curve  of  resiiltant  voltage? 

22.  Alternators  in  Series.  Opposite  Phase.  Suppose 
now  that  we  join  two  alternating-current  generators  in  series 
so  that  they  are  exactly  opposite  in  phase;    that  is,  one 


Fig.  63.  The  heavy  line  is  the  difference  between  the  other  two  curves, 
which  represent  the  e.m.f.'s  of  two  a-c.  generators  having  a  phase 
difference  of  180®  with  each  other. 

reaches  its  maximum  positive  value  just  as  the  other  reaches 
its  maximum  value  in  the  opposite,  or  negative,  direction 
through  the  circuit.  Then  the  resultant  voltage  is  exactly 
equal  to  the  difference  between  the  two  voltages,  or  110  —  90 
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=  20  volts.  The  generators  are  then  said  to  differ  in  phase 
by  180  electrical  degrees.  Fig.  53  is  the  sine  curve  repre- 
sentation of  this  case.  Note  that  any  instantaneous  value 
on  the  heavy  line  curve,  which  represents  the  resultant 
curve  of  the  other  two,  can  be  found  by  subtracting  the 
value  on  the  curve  A  at  that  instant  from  the  value  on  the 
curve  B  at  the  same  instant.  Thus  the  point  R  is  found  by 
subtracting  the  instantaneous  value  VT  from  the  instan- 
taneous value  VS,    Fig.  54  is  the  polar  vector  diagram  for 


Fig.  54.    Polar  vector  diftgram  of 
e.mi.'8  shown  in  Fig.  53. 


Fig.  55.    Topographic  vector  dia- 
gram of  e.m.f.'s  shown  in  Fig.  53. 


the  same  case.  Note  that  the  vector  OA  representing  the 
mftTJmiim  e.m.f .  of  the  generator  A  is  drawn  at  an  angle  of 
180**  to  the  vector  OB  which  represents  the  maximum  e.m.f.  of 
the  generator  B.  This  makes  them  run  in  exactly  opposite 
directions.  The  resultant  maximum  voltage  across  the  two 
generators  would  be  the  difference  in  length  of  these  vectors 
drawn  to  scale. 

Fig.  55  is  the  topographic  diagram  for  this  case.  OB 
represents  the  voltage  across  B.  From  B  is  drawn  BA  in 
the  opposite  direction  to  OB,  thus  cutting  down  the  value 
of  the  e.m.f.  across  the  combination  to  OA,  Here  again 
there  is  a  line  (in  this  case  OA)  which  represents  the  result- 
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ing  voltage.  In  the  polar  diagram,  Fig.  54,  for  the  same  case 
there  is  no  line  representing  the  resulting  voltage,  but  the 
equation  is  plain  by  means  of  which  the  value  of  this  result 
can  be  computed,  OB  —  OA  =  Em  (total). 

Any  instantaneous  value  equals  the  difference  between 
the  instantaneous  values  of  the  two  e.m.f.'s  at  that  instant. 
Thus  for  the  instant  at  which  this  vector  diagram.  Fig.  54, 
is  drawn,  the  instantaneous  value  of  OB  is  OS  and  of  OA  is 
or.  The  instantaneous  value  of  the  e.m.f.  across  the  com- 
bination at  this  instant  is  therefore  OS  —  OT. 


i.. 
h 

T 
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Fig.  56.  The  pumps  are  so  joined  that  their  actions  at  every  instant 
oppose  each  other.  The  pressure  head  h  is  due  to  the  difference  in 
the  amount  of  water  each  pmnps. 

The  action  of  two  alternators  in  opposite  phase  joined  in 
series  may  be  illustrated  by  the  action  of  the  two  pumps  of 
Fig.  47,  but  joined  as  in  Fig.  56.  Note  that  the  crank-pins, 
which  are  on  opposite  faces  of  two  plates,  are  always  180** 
apart,  and  that  the  pistons  always  move  in  opposite  direc- 
tions with  regard  to  each  other.  Thus,  while  piston  B  at  this 
instant  is  tending  to  force  water  into  stand-pipe  Ti,  the  piston 
A  is  tending  to  draw  some  away.  The  pressure  head  h  which 
is  set  up  when  the  pistons  are  in  the  position  of  Fig.  56  (for 
instance)  is  due  to  the  difference  of  the  water  pumped  from 
/  and  //. 
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(Draw  diagram  of  connections,  rough  sine  curve,  and  vector 
diagram  for  each  problem  before  making  the  computations.) 

Prob.  7-3.  What  would  be  the  maximum  value  of  the  voltage 
across  the  combination  such  as  in  Fig.  45  when  in'  phase,  if  the 
effective  voltage  of  A  =  220,  and  of  J5  =  250  volts? 

Prob.  8-3.  What  is  the  maximiun  value  of  the  voltage  across 
the  combination  in  Prob.  7,  when  in  opposite  phases? 

Prob.  9-3.  What  is  the  instantaneous  value  of  the  voltage 
across  the  combination  in  Prob.  7,  at  the  instant  represented  by 
the  40**  position  of  the  vectors? 

Prob.  10-3.  What  is  the  instantaneous  value  of  the  voltage 
across  the  combination  in  Prob.  8,  when  at  the  40^  pK)sition? 

Prob.  11-3.  What  is  the  voltage  across  two  alternators  which 
are  in  phase  and  joined  in  series,  if  the  maximiun  value  of  the  e.m.f. 
of  one  is  400  volts  and  of  the  other,  200  volts? 

Prob.  12-3.    Two  generators  are  in  opposite  phases  and  are 
joined  in  series.    The  instantaneous  voltage  of  one  is  100  volts  at   -i- 
the  30**  phases  of  the  other,  100  volts  at  the  60^  phase.    What  is 
the  maximum'^oltage  across  the  combination? 

Prob.  13-3.  What  is  the  effective  value  of  the  voltage  across 
the  combination  in  Prob.  12? 

Prob.  14r-3.  What  would  be  the  effective  voltage  across  the 
combination  in  Prob.  12,  if  the  alternators  were  in  phase? 

Prob.  1&-3.  The  maximum  e.m.f.  of  three  alternators  is  153 
volts  each.  What  would  be  the  effective  voltage  across  the  com- 
bination if  they  were  all  joined  in  series  and  were  in  phase  with 
one  another? 

Prob.  16-3.    Two  alternators  giving  sine-wave  e.m.f. 's  of  the 
same  frequency,  in  series  and  in  phase  with  each  other,  give  a  total      ^ 
voltmeter  reading  of  220  volts  across  the  combination.    When  the 
connections  of  one  of  the  alternators  is  reversed,  the  resultant 
voltage  is  zero. 

(a)   What  is  the  effective  voltage  of  each  alternator? 

(6)  What  is  the  resultant  e.m.f.  at  each  of  the  following  instants: 
45**,  90**,  135**  and  180**  after  the  positive  maximum  instantaneous 
value? 

Prob.  17-3.    Two  alternators  joined  in  series  give  a  voltmeter 
reading  of  235  volts  across  the  combination.    When  one  of  them      ^ 
has  its  connections  reversed,  the  total  voltage  becomes  25  volts, 
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as  shown  by  the  voltmeter.  What  is  the  effective  voltage  of  each 
alternator?  These  alternators  both  produce  sine-wave  e.m.f.'8  of 
the  same  frequency. 

Prob.  18-8.  Three  alternators  in  series,  all  producing  sine- 
wave  e.m.f .  's  of  the  same  frequency  give  a  total  effective  voltage  of 
110.  When  the  connections  of  A  are  reversed,  the  total  voltage 
remains  110.  When  the  connections  of  A  are  restored  as  originally, 
and  those  of  B  reversed,  the  total  voltage  becomes  330.  When  B 
is  restored  as  originally  and  C  is  reversed,  the  total  voltage  again 
becomes  110.  Draw  both  polar  and  topographic  vector  diagrams  to 
represent  the  relations  between  these  e.m.f.'s,  as  ori^pnally  con- 
nected and  as  reconnected  after  each  change. 

23.  Alternators  in  Series:  in  Quadrature.  It  is  pos- 
sible to  join  the  two  pumps  of  Fig.  46  and  Fig.  56  in  such  a 
manner  that  the  two  pistons  will  not  be  traveling  at  all 
instants  either  in  the  same  direction  or  in  opposite  direc- 


Fig.  57.  The  two  pumps  are  so  joined  that  they  do  not  continuously 
aid  or  hinder  each  other.  The  pressure  head  h  is  due  neither  to  the 
sum  nor  the  difference  of  the  amounts  of  water  pumped  by  /  and  //. 


tions.  That  is,  they  may  be  made  to  aid  each  other  at  some 
instants  and  to  oppose  at  other  instants.  In  Fig.  57  the 
pumps  are  so  joined  that  the  cranks  are  at  an  angle  of  90^ 
with  each  other.  Thus  at  the  instant  when  piston  A  is 
filling  T  and  emptying  Ti  at  the  fastest  rate,  as  in  Fig.  57, 
piston  B  is  at  rest  in  the  zero  position.    The  greatest  pros- 
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sure  head  (h)  which  is  set  up  would  not  at  any  time  equal 
the  sum  of  the  amounts  pumped  by  the  two  pistons  in  a 
complete  stroke,  as  in  Fig.  47. 

In  the  same  way  it  is  possible  to  join  in  series  two  alter- 
nators whose  e.m.f.'s  are  neither  in  phase  nor  opposHe. 
For  instance,  the  voltage  of  A,  Fig.  45,  may  have  reached 
its  maximum  positive  value  at  an  instant  when  the  voltage 
of  B  was  passuig  through  its  zero  value  and  was  about  to 
have  a  small  positive  value. 

The  two  generators  then  would  be  said  to  have  a  phase 
difference  of  90°.  A  might  be  said  to  be  90°  ahead  of  B,  or 
B  to  lag  90°  behind  A.    Fig.  58  shows  by  means  of  the  sine 


Fig.  58.  The  sine  curves  A  and  B  represent  two  e.mi.'s  having  a 
phase  difference  of  90^^.  The  heavy  line  represents  the  sum  of  these 
two  curves. 


curve,  that  A  reaches  its  maximum  value  when  B  is  at  zero. 
B  does  not  reach  its  maximiun  until  90°  later  than  A,  which 
has  in  the  meantime  dropped  to  zero  and  is  about  to  start 
on  its  negative  values. 

The  heavy  line  curve  is  obtained  by  adding  algebraically 
the  instantaneous  values  on  the  curve  of  each  machine. 
Thus  the  point  (T)  on  the  heavy  curve  is  found  by  adding 
i+RS)  to  {-VS).  This  gives  (-TS),  which  represents 
the  instantaneous  voltage  across  the  combination  at  that 
instant.  Also  (gf)  and  {gd)  are  added  to  give  a  value  {gc) 
to  the  instantaneous  voltage  across  the  two  alternators. 
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Thus  it  is  possible  by  means  of  the  voltage  curve  of  each  of 
the  two  machines  to  find  the  curve  of  the  voltage  across  the 
combination  just  as  when  they  were  in  phase.  This  result- 
ant curve  is  a  sine  curve  also.* 

This  method  of  finding  the  resulting  voltage,  however,  is 
too  cumbersome  and  inexact;  accordingly,  the  vector  method 

is  used  when  numerical  re- 
sults are  desired.  If  the  line 
Bf  Fig.  59,  represents  the  110 
effective  volts  of  generator  B, 
then  the  line  A  will  represent 
the  90  effective  volts  of  gen- 
erator A.  Note  that  A  is 
drawn  90®  ahead  of  B. 

We  have,  then,  two  elec- 
tromotive forces  acting  at  ail 
angle  of  90°  with  each  other. 


Mrolta 


"''%^o 


B 


-^UOrolte 


Fig.  59.    A  polar  vector  diagram  for 
the  case  shown  in  Fig.  58. 


148  llN. 


^UOlba. 


If  we  had  two  mechanical  forces  or  two  magnetic  forces 
acting  at  an  angle  with  each  other,  we  know  that  the  re- 
sultant force  would  be  the  diagonal  of  a 
parallelogram,  of  which  the  two  forces 
form  the  adjacent  sides.  Thus,  in  Fig. 
GO,  if  B  represents  a  force  of  110  pounds 
and  Ay  a  force  of  90  pounds  at  right 
angles  to  it,  then  J?,  the  resultant  force, 
is  formed  by  completing  a  parallelogram  Fia.  60.  The  line  R 
on  the  forces  A  and  B,  and  drawing  the  represents  the  result- 
diagonal  R  from  the  point  of  intersection 
of  the  two  forces. 

The  value  of  R  can  be  found  either 
by  drawing  th^  whole  diagram  to  scale 
or  by  using  the  rule  that  the  square  of  the  hypothenuse  of 
a  right  triangle  equals  the  sum  of  the  squares  of  the  other 
two  sides.    By  the  latter  method, 

♦  See  Problem  6,  page  84, 


ing  force  of  the  two 
forces  A  and  B,  which 
act  at  right  angles  to 
each  other. 
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=  8100  +  12,100 
=  20,200; 
R  =  V20,200 
=  142  lb. 

The  angle  4>,  which  this  resultant  force  R  makes  with  force 
B,  may  be  found  by  measuring  it,  when  the  forces  are  drawn 
to  scale,  or  by  the  rule  that  the  tangent  of  any  angle  of  a 
right  triangle  is  equal  to  the  ratio  of  the  side  opposite  the 
angle  to  the  side  adjacent  to  the  angle.  By  the  latter 
method, 

tan<^  =  '^A  =  0.818; 

0.818  is  the  tangent  of  a  39.3-degree  angle,  hence 

Thus  the  resultant  of  two  forces  of  90  lb.  and  110  lb.,  acting 
at  right  angles  with  each  other,  is  equal  to  a  force  of  142  lb. 
acting  at  an  angle  of  39.3°  to  the  110-lb.  force. 

Since  R  is  neither  the  arithmetical  smn  nor  the  arith- 
metical difference  of  A  and  B,  we  can  not  write  R  =  A  +  B. 
However,  in  order  to  express  the  correct  relations,  that  is, 
the  vector  relation,  of  A  and  B  to  fi  we  write  the  following 

equation: 

R  =  A@B. 

The  sign  @  means  that  we  add  vectorially  the  quantities 
between  wtich  it  stands.  Thus,  the  expression  R  =  A  @  B 
is  read,  "fi  equals  the  vector  sum  of  A  and  B"  which  means 
that,  due  allowance  being  made  for  the  direction  in  which  A 
and  B  act,  they  produce  R  when  combined. 

Similarly,  we  may  find  the  resultant  of  two  electromotive 
forces  A,  90  volts,  and  B,  110  volts,  acting  at  90  electrical 
d^rees  to  each  other.  We  may  in  the  same  way  write 
the  equation  R  =  A  @  B. 

To  solve  this  equation  we  construct  Fig.  61.  B  and  A 
are  drawn  to  scale  at  right  angles  to  each  other  and  the 
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parallelogram  is  completed.  Then  R^  to  the'  same  scale, 
equals  142  volts  and  acts  at  an  angle  of  39.3°  to  the  110-volt 
pressure.    Or,  by  applying  the  trigonometric  rule, 

R  =  V(90)2  +  (110)*  =  142  volts; 
tan  0  =  tVct  =  0.818, 
4>  =  39.3°. 

Since  the  90-volt  vector  represents  the  e.m.f.  of  the  alter- 
nator A,  Fig.  45,  and  the  110-volt  vector  represents  the  e.m.f. 
of  the  alternator  B,  then  the  142-volt  vector  represents  the 

A  142T01U        voltage  across  the  combina- 

•ovduif -— yfjR-         ^JQj^     rpj^ig  resultant  is  found 

to  differ  in  phase  with  the 

e.m.f.  of  110  across  B,  by 

B  39.3°;  which  means  that  it 

'i  ^110  volts  1.  "i  •  1 

;  reaches  its  maximmn  value 

;  before  the  e.m.f.  B  reaches 

!  its  maximum  value  in  the 

'  same  direction,  by  an  amount 

Fig.  61.    The  line  R  represents  the  of  time  represented  by  39.3 

resulting  e.m.f.  of  the  two  e.m.f .'s  /og  q\ 

A  and  B  which  have  a  phase  dif-  electrical  degrees,    or  (-q^I 

ference  of  90°.  ^'^P    ^ 

part  of  one  complete  period. 

In  the  same  manner,  the  resultant  of  any  two  alternating 
electromotive  forces  acting  at  right  angles,  that  is,  differing 
in  phase  by  90°,  can  be  found,  together  with  the  phase 
difference  between  the  resultant  and  either  of  the  two  elec- 
tromotive forces. 

Write  the  equation  and  draw  the  diagram  for  each  of  the 
following  problems: 

Prob.  19-3.  Two  alternating  electromotive  forces  with  a  phase 
difference  of  90°  are  joined  in  series.  One  is  50  volts,  the  other 
75  volts. 

(a)  What  is  the  resulting  voltage  across  the  combination? 

(6)  What  is  the  difference  in  phase  between  the  voltage  across 
the  combination  and  across  the  50-volt  part? 
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Prob.  20-3. '  It  is  desired  to  have  220  volts  across  two  genera- 
tors of  the  same  frequency  joined  in  series.  One  generator  delivers 
120  volts.  What  must  be  the  voltage  of  the  other,  if  it  differs  in 
phase  with  the  first  by  90°? 

Prob.  21-8.  What  is  the  maximum  value  of  the  resultant 
e.m.f.  in  Prob.  19? 

Prob.  22-3.  What  will  be  the  instantaneous  value  of  the  e.m.f, 
across  the  50-volt  alternator  of  Prob.  19,  when  the  e.m.f.  across 
the  combination  has  its  maximimi  value? 

Prob.  23-3.  What  will  be  the  instantaneous  value  of  the  e.m.f. 
across  the  90-volt  generator  of  Prob.  19,  when  the  resultant  e.m.f. 
has  its  maximum  value? 

Prob.  24-3.  What  will  be  the  instantaneous  value  of  the  volt- 
age across  the  combination  in  Prob.  20,  when  the  instantaneous 
e.m.f.  across  the  120-volt  generator  is  40  volts? 

Prob.  2&-3.  When  two  alternators  of  the  same  frequency  but 
with  a  phase  difference  of  90°  are  joined  in  series,  the  resulting 
e.m.f.  is  440  volts.  If  one  of  the  alternators  has  an  e.m.f .  of  220 
volts,  what  is  the  e.m.f.  of  the  other? 

Prob.  20-3.  What  is  the  phase  difference  between  the  e.m.f. 
across  the  combination  and  the  e.m.f .  across  the  220-volt  generator 
of  Prob.  25? 

Prob.  27-3.  What  is  the  instantaneous  value  of  the  e.m.f. 
across  each  generator  of  Prob.  25,  when  the  instantaneous  value 
of  the  resulting  e.m.f.  is  0? 

Prob.  28-3.  At  what  point  in  its  cycle  is  the  phase  of  the  e.m.f . 
of  each  machine  in  Prob.  27? 

Prob.  29-3.  What  is  the  instantaneous  e.m.f.  across  the  com- 
bination, when  the  instantaneous  value  across  the  220-volt  gen- 
erator of  Prob.  25  is  at  a  maximum? 

Prob.  30-3.  (a)  What  is  the  maximum  value  of  the  combined 
e.m.f .  's  in  Prob.  25? 

(6)  What  is  the  instantaneous  e.m.f.  across  each  generator  at 
the  instant  when  the  maximum  value  of  (a)  occurs? 

24.  Two-phase  Generators.  It  would  be  possible  to 
maintain  two  separate  alternators  at  exactly  the  same  fre- 
quency and  with  a  constant  phase  difference  between  their 
e.m.f.'s,  but  it  is  simpler  and  more  economical  to  wind  two 
separate  sets  of  armature  coils  in  the  same  machine,  and 
locate  these  windings  so  that  the  voltage  induced  in  one  set 
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is  90  electrical  degrees  behind  or  ahead  of  the  voltage  in- 
duced in  the  other  set.  A  machine  so  wound  is  called  a 
two-phase  alternator,  or  a  quarter-phase  alternator.  These 
two  sets  of  windings  are  called  the  phases  of  the  machine 
and  are  very  rarely  connected  to  each  other  in  modern 
machines.  The  structural  details  of  this  machine  are  ex- 
plained on  page  464,  but  its  action  in  delivering  two  alter- 
nating voltages  which  are  at  90  electrical  degrees  to  each 


FiQ.  62.  Simple  two-phase  alter- 
nator. The  e.m.f.  coil  of  AB  is 
at  a  maximum  when  the  e.m.f .  of 
A'B'  is  zero.  Thus  there  is  a 
phase  difference  of  90**. 


Fia.  63.     Phase  AB  leads 
phase  A'B'  by  90^ 


other  can  readily  be  understood  by  reference  to  the  following 
figures.  Fig.  24  to  37  (inclusive)  show  the  action  of  a  single- 
coil,  single-phase  generator.  Now  if  another  coil  is  added 
at  right  angles  to  the  coil  of  Fig.  24,  as  in  Fig.  62  and  63,  the 
actions  will  be  the  same  in  each  coil,  with  the  exception  that 
they  will  take  place  90°  later  in  one  coil  than  in  the, other. 
Thus,  when  the  voltage  across  A  £  is  at  a  maximum,  as  in 
both  Fig.  62  and  Fig.  63,  the  voltage  across  A'B'  is  zero,  and 
vice  versa.  The  voltages  may  be  represented,  then,  by  two 
sine  curves  differing  in  phase  by  90°,  as  in  Fig.  64.  E  repre- 
sents the  e.m.f.  curve  of  the  coil  AB;  Ei  the  e.m.f.  curve  of 
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the  coil  A'B\  Note  that  Ei  has  a  value  of  zero  when  E  has 
a  maximum  value;  that  is,  E  has  a  90°  start  on  Ei.  The 
vector  diagram  would  be  that  of  Fig.  66,  in  which  E  equals 
the  voltage  induced  in  AB,  and  Ei  the  voltage  induced  in 
A'B'. 


Fig.  64.    The  sine-waye  representation  of  the  e.m.f  .'s  of  Fig.  62  and 

63.    Curve  E  leads  Ei  by  90°. 

Fig.  66  is  the  conventional  representation  of  such  a  ma- 
chine. Note  that  phase  AB  may  be  connected  to  phase  A'B' 
by  joining  A'  to  B.  We  should  then  have  two  e.m.f.'s 
differing  in  phase  by  90°  joined  in  series.    Fig.  67  shows  this 


N 


J 

Fig.  65.  The  polar  vector  diagram 
of  Fig.  62, 63  and  64.  Here  also 
the  vector  E  leads  Ei  by  90''. 


B 


FiQ.  66.  Convention  represent- 
ation of  a  two-phase  generator. 


connection  made  and  a  conductor  brought  out  from  the 
juncture  of  the  two  phases.  This  makes  the  3-wire  2-phase 
system,  which  is  unusual. 

Prob.  31-8.    If  the  voltage  across  each  phase  in  Fig.  67  is  110 
volts,  what  is  the  voltage  between  the  outside  wires  X  and  Y? 

i 

Prob.  32-8.    If  550  volts  are  desired  across  the  outside  wires  in 
fig.  67,  what  must  be  the  voltage  across  each  phase? 
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Prob.  33-3.    If  the  voltage  across  phase  XN  of  Fig.  67  is  120 
volts  and  across  phase  YN  is  90  volts,  what  is  the  voltage  across 

XYf 


Prob.  34-3.  A  two-phase  gen- 
erator, 2300  volts  per  phase,  is 

N    connected  to  a  tliree-wire  system 

for  distribution  of  the  power. 
If  the  common  wire  of  the  two 

"bI ^    phases   becomes   connected   to 

Fia.67.  A  3-wire2-phase  generator,  ground  through  the  limb  of  a 

A  rather  unusual  combination.      tree,  to  what  maximum  pressure 

is  the  insulation  between  each 
of  the  other  wires  and  ground  subjected? 

Prob.  36-3.  Solve  Prob.  34-3  on  the  supposition  that  it  is 
one  of  the  "outside"  wires  of  the  three-wire  system  (not  the  com- 
mon wire)  which  becomes  connected  to  groimd. 

Prob.  36-3.  If  the  two-phase  generator  of  Prob.  34-3  is  con- 
nected to  a  four-wire  distributing  circuit,  with  all  wires  equally 
insulated,  and  one  of  the  wires  becomes  "grounded,"  what  pressure 
is  brought  to  bear  upon  the  insulation  separating  each  of  the  other 
three  wires  from  ground. 

Prob.  37-3.  The  working  voltage  for  which  a  certain  insulator 
is  designed  is  10,000  volts  (effective,  assimiing  sine  wave  form  of 
e.m.f.).  What  is  the  largest  (effective)  voltage  at  which  a  single- 
phase  two-wire  line  may  be  operated,  each  wire  being  supported  J 

by  these  insulators,  (a)  allowing  for  the  possibility  of  one  wire 
being  grounded;  (6)  assuming  neither  wire  to  be  grounded? 

Prob.  38-3.  Using  the  same  insulators  specified  in  Prob.  37-3, 
what  is  the  largest  (effective)  voltage  per  phase  that  may  be  used 
on  a  two-phase  four-wire  system  of  distribution? 

Prob.  39-3.  Solve  Prob.  3^3  assuming  the  two-phase  gener- 
ator to  be  connected  to  a  three-wire  system  of  distribution. 

Prob.  40-3.  Show  by  vector  diagram  that  in  reaUty  three 
phases  (not  "three-phase"),  or  three  e.m.f.  's  differing  in  phase  with 
respect  to  each  other,  may  be  obtained  from  any  three-wire  system 
of  distribution  connected  to  a  two-phase  generator.  Specify  the 
voltages  and  phase  relations  of  these  three  phases,  using  a  2300- 
volt  two-phase  generator. 

26.  Three-phase   Generators:   Open-delta  Connection. 

But  coils  may  be  so  located  on  an  armature  that  the  e.m.f. 
across  them  differs  in  phase  by  more  or  less  than  90  electrical 
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degrees.  For  instance,  when  three  coils  are  spaced  sym- 
metrically or  equidistant  on  an  armature,  as  in  Fig.  68,  it  is 
clear  that  the  induced  voltages  A  to  Bj  A'  to  B\  and  A"  to 
B"  would  be  120°  apart,  and  could, 
therefore,  be  represented  by  the  sine 
curves  of  Fig.  69a.  This  would  con- 
stitute a  simple  three-phase  gener- 
ator, the  type  in  greatest  use  at  the 

present  time  in  alternating-current V^j^ \/\ 

systems.  If  the  three  coils  are  not 
joined  to  one  another,  then  the 
machine  supplies  power  to  three 
separate  phases  which  have  no  elec- 
trical connection.  This  would  re- 
quire that  six  wires  be  used  for  dis-  ^i^,^.  Simple  three-phase 
tribution,  and  would  result  in  an  alternator.  Thee.m.f.  in 
unnecessary  initial  expense. 

Accordingly,  at  least  two  of  the 
phases  are  joined  in  series.    The 
other  phase  may  then  be  left  idle, 
to  act  as  a  reserve  in  case  any  trouble  occurs  in  either  of 
the  two  which  are  in  service.    One  form  of  such  an  arrange- 


each  coU  has  a  phase 
diflference  of  120**  with  the 
e.m.f.'8  in  the  other  two 
coils. 


Fig.  69a.    The  sine  curves  of  the  c.m.f  .'s  in  the  coils  of  the  generator 
of  Fig.  68.    A'B'  leads  A"B"  by  120°.    A"B"  leads  AB  by  120^ 

ment  is  called  an  open-delta  connection,  to  distinguish  it  from 
a  closed-delta  which  will  be  explained  later. 

Let  us  see  what  the  voltage  across  the  terminals  of  an 
open-delta  system  is.  Assume  that  in  Fig.  68  the  end  B  of 
the  phase  AB  is  joined  to  the  end  A"  of  the  phase  A"B'\ 
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leaving  the  pha^e  A'B'  idle.  The  terminals  of  the  series 
circuit  would  be  A  and  B",  The  sine  curve  of  this  case 
would  then  be  represented  by  Fig.  69b.  Note  that  A'^B" 
leads  AB  by  120°  as  before.    The  heavy  curve  is  drawn  from 


Fig.  69b.    The  heavy  curve  represents  the  resulting  e.m.f .  where  A"B" 
and  AB  are  joined  in  series,  with  A"B"  120*^  ahead  of  AB, 

the  sum  of  the  instantaneous  values  of  the  other  two  curves. 
Thus,  the  point  (c)  is  found  by  adding  (  +  a6)  to  {  —  ad).--^^ 
Note  the  peculiar  fact  that  the  resultant  has  no  greater 

maximum  value  than  either 

of  the  curves  of  which  it  is 

the  simi. 
The  vector  equation   for 

this  case  would  be, 

AB"  =  ilB  e  A"B". 

To  solve  this,  constnict  the 
vector  diagram.  Fig,  70.  The 

Fig.  70.  The  polar  vector  diagram  voltage  in  the  coil  A"B"  is 
for  the  sine  curves  of  Fig.  69b.  120°  ahead  of  the  voltage  in 
AB'*  represents  the  resultmg  the  coil  AB.  Thus,  if  the 
e.m.f.  of  joining  AB  and  A"B"  ^^^^or  AB  represents  the  ef- 

fective  e.m.f.  mduced  m  the 
coil  AB,  then  the  vector  A''B'\  120°  ahead  of  AB,  will  rep- 
resent  the  effective  e.m.f.  induced  in  the  coil  A"B'\ 

The  resultant  e.m.f.  AB"  across  the  two  phases  can  then 
be  found  as  before  by  completing  a  parallelogram  on  these 
two  vectors  as  sides  and  drawing  the  diagonal  AB". 
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Example  8.  In  a  three-phase  generator  there  is  an  e.m.f.  of 
11,000  volts  across  each  phase.  What  would  be  the  voltage  across 
any  two  phases  joined  in  series  ("open  delta")? 

This  is  represented  diagrammatically  by  Fig.  71,  in  which  phase 
AO  is  joined  to  phase  OB  at  0.  Phase 
AB  is  left  idle.  Draw  the  vector  dia- 
gram, Fig.  72,  letting  the  Une  OA  repre- 
sent 11,000  volts  in  one  phase,  and  the 
line  OB,  120**  ahead  of  OA,  represent  the 
11,000  volts  in  the  second  phase. 

Complete  the  parallelogram  and  draw 
the  diagonal  OC,  which  will  represent 
the  resultant  voltage  across  OA  and  OB 
joined  in  series  in  this  way. 

Using  the  method  shown  in  the  Ap- 
pendix, we  can  find  the  value  of  OC  as 
follows: 


A^QQQQQQQQQQQftQQi).^o 

Fig.  7 1 .  Conventional  rep- 
resentation of  the  join- 
ing of  phase  OA  to  OB 
atO. 


OC  =  11,000  e  11,000, 

0C*=  11,000*  +  11,000*  +  2  X  11,000  X  11,000  COS  120^ 
=  121,000,000  +  121,000,000  -  0.5  X  2  X  121,000,000 
=  121,000,000, 

OC  =  11,000  volts. 

It  may  seem  rather  strange  at  first  sight  that  the  resultant  of 
two  voltages  of  11,000  each  was  only  11,000,  but  it  will  be  remem- 
bered that  the  sine  curve.  Fig. 
69b,  showed  the  same  fact. 
Also,  it  is  to  be  recalled  that 
two  equal  mechanical  forces 
acting  at  an  angle  of  120°  have 
a  resultant  force  exactly  equal 
to  either  one  of  the  forces. 
Thus,  when  the  voltage  across 
OA  is  11,000  volts  and  the 
voltage  across  OB  is  also 
11,000  volts,  the  voltage  across 
Fig.  72.  The  vector  OC  represents  ^^^  combination  of  the  two 
the  resulting  e.m.f.  of  a  series  com-  phases  joined  in  series  would 
bination  of  OA  and  OB  which  have  ^  11,000  volts. 
a  phase  difference  of  120^  .   ^^    ^-wo    circuits    are    thus 

joined  which  have  any  other 
difference  in  phase  but  120**,  the  resulting  voltage  would  not 
exactly  equal  the  voltage  of  one  of  the  phases.    For  instance, 
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suppose  that  two  coils  in  the  armature  of  an  a-c.  generator  are 
joined  in  series  in  such  a  way  tliat  the  e.m.f.'s  induced  in  them 
are  25°  apart.    If  the  voltage  across  each  coil  is  80  volts,  what 
is  the  voltage  across  the  two  coils  in  series? 
The  general  equation  is 

E  =  80©80, 

where  E  is  the  resulting  e.m.f . 


Fio.  73.    Rough  sine-curves  of  e.m.f/s  which  have  a  phase  difference 

of  25^ 

Sketch  roughly  the  sine  curves  for  this  case,  as  in  fig.  73,  in 
order  to  get  a  clear  idea  of  the  relations  throughout  the  cycle. 


Fig.  74.    Polar  vector  diagram  in  which  the  vector  OB  leads  OA  by 

25*.    022  is  the  resultant  of  OB  and  OA. 

Draw  OA  and  OB,  Fig.  74,  at  25**  to  each  other.  Complete  the 
parallelogram,  and  draw  the  diagonal  OR  which  represents  the 
resultant  voltage  across  the  two  coils  in  series. 

0«»=  80»  +  80«  +  2  X  80  X  80  cos  25** 
=  6400  +  6400  +  12,800  X  0.906 
=  24  400, 

OR  =  V24,400  =  156  volts. 

The  voltage  across  the  two  coils  in  series  must  therefore  be  156 
volts. 


. « 
% 
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Sketch  sine  curves  and  vector  diagrams  for  each  of  the 
foUowing  problems  and  solve: 

Prob.  41-3.  Two  coils  are  joined  in  series.  The  e.m.f.  in  one 
coil  is  48  volts,  in  the  other,  70  volts.  The  phase  difference  be- 
tween the  e.m.f.'s  of  coils  is  65  electrical  degrees.  What  is  the 
voltage  across  the  combination? 

Prob.  42-3.  The  e.m.f.'s  in  two  coils  are  40°  apart.  The  value 
of  one  e.m.f.  is  86  volts.  What  must  be  the  value  of  the  other 
e.m.f.  in  order  that  the  voltage  across  the  two  in  series  may  be 
110  volts? 

Prob.  4J^-3.  Two  coils  have  e.m.f.  *s  of  110  and  150  volts  re- 
spectively. When  joined  in  series  the*  dtlmKined  voltage  is  220 
volts.    What  is  the  phase  difference  between  the  two  coils? 

Prob.  44-3.  If  the  voltage  across  the  two  coils  in  Prob.  43 
when  in  series  had  been  260  volts,  what  must  the  phase  difference 
have  been? 

Prob.  46-3.  If  the  voltage  across  the  series  combination  of 
the  two  coils  of  Prob.  43  had  been  40  volts,  what  would  the  phase 
difference  have  been? 

Prob.  46-3.  The  voltage  across  each  phase  of  a  three-phase 
generator  is  220  volts.  What  is  the  voltage  across  an  open-delta 
combination  of  the  phases? 

Prob.  47-3.    A  choke  coil  and  a  resistance  are  joined  in  series 
and  an  alternating  current  is  sent  through  the  series  combination. 
The  drop  across  the  resistance  is  65  volts,  and  across  the  choke    ' 
coil  75  volts.    The  voltage  across  the  combination  is  105  volts,   _ 
What  is  the  phase  difference  between  the  drops  across  the  two? 

Prob.  48-3.  If  the  current  flowing  in  Prob.  47  is  5  amp.,  what 
is  the  impedance  under  these  conditions  of: 

(a)  The  choke  coil? 
(6)  The  resistance? 
(c)  The  combination? 

26*  Reversing  Coils  or  Phases  in  Transformers  and  Gen- 
erators. Upon  referring  to  Fig.  75  it  will  be  seen  that  the 
two  vectors  OB  and  OA  are  at  right  angles  to  each  other 
and  have  as  a  resultant  OR.  If  one  vector,  say  OA,  be 
turned  around  end  for  end,  so  that  it  points  to  the  left  as 
OA',  the  resultant  of  OA'  and  OB  will  become  OR',  instead 
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of  OR.  But  note  that  it  has  exactly  the  same  numerical  value 
as  0/2,  and  differs  only  in  its  phase  relations. 

Thus,  if  the  e.m.f/s  of  two  phases  are  at  90°  to  each  other, 
it  will  make  no  difference  in  the  numerical  value  of  the  result- 
ing voltage  which  two  ends  are  connected. 

But  suppose  that  the  e.m.f.'s  of  two  phases  are  120° 
apart.  Let  us  see  what  the  result  of  reversing  the  connec- 
tions of  one  of  the  phases  will  be.  In  Fig.  76,  OR  is  the  re- 
sultant of  OB  and  OA  when  the  phases  are  connected  so 
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FiQ.  75.  Vectors  OA  and 
OB  are  at  right  angles  to 
each  other.  Reversing  one 
vector  OA  does  not  change 
the  value  of  the  resultant 
OR^  which  becomes  OR', 


O  A 

Fig.  76.  Vectors  OA  and  OB  are 
at  120^  to  each  other.  Reversing 
OAy  changes  the  value  of  the  re- 
sultant OR  to  OR', 


that  they  are  120®  apart.  But  when  OA  is  reversed,  the 
resultant  becomes  0R\  which  is  much  greater  than  OR. 
The  cause  for  this  increase  in  the  resultant  is  evident  from 
an  inspection  of  Fig.  76.  Note  that  when  the  vector  OA  is 
reversed  and  takes  the  direction  0A\  it  is  no  longer  at  an 
angle  of  120°  to  OB,  but  comes  into  a  position  only  60° 
from  OB.  So  that  instead  of  having  two  vectors  at  an  angle 
of  120°  to  each  other,  we  have  two  vectors  at  an  angle  of 
60°  to  each  other.  The  resultant  of  the  latter  combination 
is  much  greater  than  of  the  former,  as  is  clear  from  Fig.  76. 

This  effect  of  reversing  a  coil  is  also  very  evident  from  the 
sine  curves  of  the  case. 

Suppose  we  reverse  phase  A"B" ol  Fig.  68  by  joining  A" 
to  A,  instead  of  B"  to  A.  Then  all  the  positive  values  of 
the  sine  wave  A"B"  in  Fig.  69b  become  negative,  and  vice 
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versa,  and  A''B"  lags  60°  behind  AB  instead  of  leading  it  by 
120°  as  before,  a  change  of  60°  +  120°,  or  180°.  This  is  clear 
in  Fig.  77.  The  resultant  curve,  the  heavy  line,  now  has  much 
larger  maximum  values  than  has  either  of  the  components. 

From  both  the  vector  diagram  and  the  sine  curves  it  can 
be  seen  that: 

Reversing  a  coil  which  generates  an  e.m.f  changes  its  phase 
relations  to  other  coils  by  i8o°. 


RemiltaBfr 


Fig.  77.  Curve  A"B"  is  reversed  from  its  position  in  Fig.  69b.  The 
curve  of  resulting  e.m.f.  has  much  greater  maximum  values  than  that 
of  Fig.  69b. 

There  is  usually  no  convenient  way  of  telling  by  inspec- 
tion how  two  phases  of  a  machine  are  to  be  connected  in 
order  to  produce  the  desired  combined  voltage.  The 
method  usually  employed  is  to  measure  the  voltage  across 
each  set  of  terminals.  Then  connect  two  in  series  at  ran- 
dom. If  they  do  not  produce  the  desired  voltage,  reverse 
one  of  them.   This  process  is  called  "  phasing-out "  a  machine. 

Example  4.  It  is  desired  to  connect  two  phases  of  a  three- 
phase  generator  in  open  delta.  Each  phase  is  found  to  have  a 
voltage  of  220  volts.  But  when  two  phases  are  connected,  the 
voltage  across  them  was  found  to  be  381  volts.  Show  that  by 
reversing  one  phase,  the  correct  open-delta  voltage  of  220  volts 
can  be  obtained. 

Construct  Fig.  78  and  determine  what  the  angle  0  must  be  to 
fulfiU  the  conditions  in  which  the  resultant  OR  must  be  381,  and 
the  vectors  OA  and  OB,  220  each. 
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By  the  Coeine  Law  for  parallelograins 

381*  =  220*  +  220*  +  2  X  220  X  220  COB  0, 

^      381«  -  2  X  220*      ^  ,^ 
^^-^  2X220X220  =Q'^- 

^  =  6o^ 


Fig.  78.  The  coils  OA  and  OB  are 
so  joined  that  the  resulting  e.m.f . 
across  them  is  381  volts. 


FiQ.  79.  Coil  Oil  of  Fig.  78  is 
reversed  in  its  connection  to 
coil  OB,  and  the  resulting 
e.m.f.  across  them  becomes 
220  volts. 


Now  if  we  reverse  one  phase,  say  OA^  the  vector  diagram  will  be 
as  in  Fig.  79  and  the  angle  between  the  phages  would  be 

180^  -  60^  =  120^ 

(Ofl')'  =  220»  +  220*  +  2  X  220  X  220  cos  120^ 

OR'  =  \/220*  +  220*  -  220*  =  V22^  =  220. 

This  also  checks  by  solving  for  the  angle  by  the  Cosine  Law. 

This  shows  that  the  true  open-delta  connection  results  from 
reversal  of  this  phase  OA,  since  the  reversal  gives  a  resulting 
voltage  of  220  volts. 

.1-  o  _,     Prob.  49-3,     When  two  coils,  AB  and 

A'W  are  connected  as  in  Fig.  80,  the  com- 
bined e.m.f.  across  them  is  240  volts.  The 
e.m.f.  of  each  coil  is  180  volts.  Find  the 
difference  in  phase  between  the  e.m.f.'s  of 
the  coils. 

Prob.  60-3.  If  end  A'  of  coil  A*B'  in 
Fig.  80  were  connected  to  end  B  of  coil  AB^  what  would  the  com- 
bined e.m.f.  be? 


Fia.  80.     Two  coils 
joined  in  series. 
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Prob,  61-8.  If  end  A'  of  coil  A'B'  in  Fig.  80  were  connected  to 
end  A  of  coil  AB,  what  would  the  combined  e.m.f.  be? 

Prob.  S2-3.  It  is  desired  to  connect  the  three-phase  generator 
of  Fig.  81  in  open  delta  and  run  it  as  a  single-phase  generator. 
On  testing  it  out  with  a  voltmeter,  the  following  data  arc  found. 

From  -4  to  B  -  240  volts. 
From  A  to  A,  =     0 
From  A   to  At  =      0 

From  A  to  B,  =  0 
From  A  toBi-  0 
From  Ai  to  B,  =  240  volta. 

From  Aj  to  Ai  =  0 
From  A,  to  Bi  =  0 
From  Ai  to  B,  =  240  volte. 

(a)  Name  the  two  terminals  of  each 
phase. 

(6)  State  what  connections  you  would 
try  in  order  to  produce  an  open-delta 
arrangement. 

(c)  Show  by  .vector  diagram  what  voltage  there  should  be  across 
the  open-delta  arrangement,  and  what  readings  you  should  obtain 
in  order  to  prove  th^^t  you  have  made  the  proper  connection. 

Prob.  83-3,  If  you  measured  the  voltage  across  the  combina- 
tion of  coils  as  you  had  connected  tliem  for  open  delta  in  Prob.  52, 
and  found  it  to  be  418  volta,  how  would  you  change  the  connec- 
tions? 

Prob.  B4-3.  Suppose  that  one  of  the  phases  which  you  had 
intended  to  use  in  the  open-delta  arrangement  of  Prob.  52  were 
found  to  be  faulty.  Show  how  you  would  connect  the  third  phase 
in  its  place. 

Prob.  86-8.  Connect  the  third  phase  of  the  generator  described 
in  Prob.  52,  in  series  with  the  other  two  phases  after  the  Utter  have 
been  connected  in  correct  open  deita,  and  calculate  the  resultant 
total  voltage  of  the  entire  series.  Then  reverse  the  connections  of 
the  third  phase,  and  again  calculate  the  total  voltage.  Draw  vector 
diagrams  to  illustrate  each  condition. 

Prob.  6ft-S.  Repeat  the  work  of  Prob.  55-3,  starting  with  the 
incorrect  open-delta  connecUon  described  in  Prob.  53-3. 


Fio.  81.  A  three-phase  gen- 
erator with  both  ends  of 
each  phase  brought  out 

separately. 
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Prob.  67-3.  Connect  one  terminal  of  the  third  phase  of  this 
machine  to  the  juncture  of  the  other  two  phases,  after  the  latter 
have  been  connected  correctly  in  open  delta  as  described  in  Prob. 
52-3.  Calculate  the  voltage  across  each  of  the  three  pairs  of 
terminals  obtainable  from  the  three  terminals  of  the  armature  thus 
formed  (not  including  the  common  junctiu*e).  Then  reverse  the 
third  phase,  and  again  calculate  the  three  voltages.  Draw  vector 
diagrams  to  illustrate. 

Prob.  SS-3.  Repeat  the  work  of  Prob.  57-3,  starting  with  the 
incorrect  open-delta  connection  described  in  Prob.  53-3. 

27.  Series  Arrangement  of  More  than  Two  Parts.    If 

more  than  two  e.m.f.'s  are  joined  in  series,  the  resulting 
voltage  may  be  obtained  by  finding  the  resultant  of  any  two, 
and  then  combining  this  resultant  with  the  third  voltage, 


Fig.  82.  Polar  vector  diagram 
of  three  e.m.f.'s,  OA^  OB 
and  OCf  joined  in  series. 


Fig.  83.  Polar  vector  diagram  of  Fig. 
82,  showing  the  resultant  OR  of  the 
vectors  OA  and  OB. 


and  so  on  until  all  the  voltages  have  been  included.  For 
example,  assume  that  a  coil  with  an  e.m.f .  of  80  volts  is  put 
in  series  with  one  coil  having  an  e.m.f.  of  90  volts  leading 
the  first  e.m.f.  at  a  phase  difference  of  60^,  and  with  another 
coil  of  50  volts  leading  the  first  e.m.f.  at  a  phase  difference 
of  130®,  or  leading  the  second  e.m.f.  by  70®  phase  difference. 

The  general  equation  is  B  =  80  ©  90  ©  50. 

Polar  Diagram. 

Fig.  82  shows  the  polar  vector  diagram  for  this  arrange- 
ment. In  Fig.  83,  vectors  OA  and  QB  have  been  combined 
into  their  resultant  OR,  which  represents  the  voltage  across 
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the  series  combination  of  the  80  and  90  volt  coils.  In  Fig.  84 
this  resultant  OR  has  been  combined  with  the  third  vector 
OCj  and  the  resultant 
ORi  found,  which  repre- 
sents the  voltage  across 
the  series  combination  of 
the  three  coils. 

Topographic  Diagram. 

The  topographic  meth- 
od of  arriving  at  this 
same  resultant  ORi  is  to  - 
lay  out  OB  from  the  end 
A  of  OA  at  an  angle  of 
60°  to  OA  as  m  Fig.  85. 
Note    particularly    that  Fia.  84.    Showing  how  0/2,  the  resultant 

the  60°  angle  is  on  the      ^^  ^^  '^^  ^^'  «^  ^  combined  with 

^  .  -  J  J  .         OC  to  form  ORi,  which  is  thus  the  re- 

outade,  and  measured  m      ^^^  ^^  ^^  ^g  ^^  ^ 

counter-clockwise   direc- 
tion (leading).    Then  lay  out  OC  from  the  B  end  of  OB  at 

an  angle  of   70°  to  OB, 
which  makes  it  at  the  cor- 
rect  angle,  130°,  to  OA. 
Note  again  that  this  70° 
angle  is  on  the  outside,  in 
coimter-clockwise     direc- 
tion (leading).   Then  from 
0  to  C  is  the  resultant  ORi. 
Note  that  in  laying  out 
this  kind  of  a  diagram,  the 
tail  of  one  vector  must  be 
attached  to  the  head  of  the 
Fig.  85.   The  topographical  vector  dia-  preceding    vector.       This 
gram  for  three  vectors,  OA,  AB  and  makes    the    arrow   heads 
BC.  joined  in  series.  ^U  j ^jj^^  ^^^  another,  ex- 

cept,  of  course,  that  of  the  resultant  vector. 
Note  also  that  the  phase  difference  between  two  vectors 
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SO  joined  is  always  measured  by  the  outside  angle,  between 
the  latter  vector  and  the  extension  of  the  former  vector. 
Numerical  Solution. 

The  topographical  diagram  is  simpler  than  the  polar  to 
construct  and,  by  means  of  a  few  added  lines,  both  are  easy 

to  use  for  the  computa- 
tion of  the  numerical 
value  of  the  resultant, 
and  of  its  phase  relations 
to  the  other  vectors. 

The  most  common 

method  is  by  means  of 

the  polar  diagram  shown 

in  Fig.  86.     Instead  of 

combining  the  vectors  in- 

to  a  single  resultant,  each 

Fia.  86.    The  three  vectors  OA,  OB  and  vector    is    resolved    into 

OC  are  resolved  into  actions  along  the  ^^^  components,  one  on 

horizontal  and  the  vertical  axes.  ^j^^  ^^  ^^,  ^^^  ^^^^  ^^j^^^ 

on  the  axis  xx^  Thus  OB  has  a  component  on  the  x  axis 
equal  to  OH,  and  on  the  y  axis  equal  to  OM,  Note  that  these 
component  actions  are  all  measured  from  the  point  0.  These 
show  that  the  vector  OB  acts  to  the  right  by  the  amount 
represented  by  the  length  of  OH  and  acts  up  by  the  amount 
represented  by  the  length  of  OM.  In  the  same  way  OC  acts 
to  the  left  by  the  amount  represented  by  the  line  OS,  and  up 
by  the  amount  represented  by  the  line  ON.  The  vector 
OA  acts  to  the  right  only  and  by  the  amount  represented 
by  the  length  of  OA. 
Thus  we  have  a  total  action,  to  the  right,  of 


and  to  the  left  of 


OH  +  OA, 
OS. 


The  resulting  action  on  the  x  axis,  then,  must  be 

(1)  OH  +  OA"  OS. 
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But 


Thus 


OH  =  OB  cos  60°  =  90  X  0.500  =  45, 

OA  =  80, 

OS  =  0C  cos  50°  = 

OH  +  OA-OS  = 


50  X  0.643  =  32.2. 
45  +  80  -  32.2  =  92.8. 


The  total  action  on  the  x  axis  is  thus  92.8  to  the  right. 

On  the  y  axis  the  total  action  is  up  by  an  amount  equal  to 

OM  +  ON. 

But  OM  =  OB  cos  30°  =  90  X  0.866  =  69.3, 

ON  =  OC  cos  40°  =  50  X  0.766  =  39.3. 
Thus  OM  +  0N^  77.9  +  39.3  =  117.2. 

The  total  resulting  action  is 

therefore 

92.8  to  the  right 
and 

1 17.2  up. 

Now,  for  the  sake  of 
clearness,  lay  these  values 
out  on  another  pair  of 
axes,  as  in  Fig.  87,  making 
OP  the  92.8  action  to  the 
right,  and  OQ  the  117.2  ac- 
tion up. 


n.8  p 


4^«.- 


The  resultant  Ofli  of  these  Fig.87.    The  actions  of  the  three 


vec- 


two  actions  will  be  the  re- 
sultant of  the  three  vectors, 
because  the  two  actions  OQ 
and  OP  are  equivalent  to 


tors  of  Fig.  86  along  the  horizontal 
axis  are  equal  to  OP;  along  the  ver- 
tical axis  to  OQ.  0/2  is  the  resultant 
of  the  three  vectors. 


the  three  with  which  we  started. 
The  value  of  OJBi  can  now  be  found  easily  by  the  equation 


ORi  =  V92.8«  +  117.2* 

=  V8610  +  13,740 

=  V22^350 
=  149.5  volts. 
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The  resultant  of  the  three  e.m.f.'a  thus  has  a  value  of 
149.5  volts. 

The  phase  difference  between  this  resultant  and  the  80- 
volt  phase  can  be  found  as  follows: 
117.2 


tan0  =  - 

^  =  51.6°. 


1.262, 


By  means  of  this  method  the  e.m.f.  across  a.  series  combi- 
nation of  any  number  of  e.m.f.'s  with  any  phase  differences 
can  readily  be  found. 


Fig.  88.    The  three  vectors  OA,         Fio.  8S.    Special  generator  with 
AB  and  BC  of  Fig.  85,  are  here  both  ends  of  each  coil  brought 

resolved  into  their  vertical  and  out. 

horizontal  actions  for  ease  in  ar- 
riving at  the  njathematical  value 
of  the  resultant  ORi. 

The  same  method  of  computing  the  mathematical  values 
can  be  applied  to  the  topographical  arrangement  of  vectors, 

Note  in  Fig.  88  that  the  resultant  ORi  extends  to  the  richt 
an  amoimt  equal  to  the  line  OS.  But  OS  is  made  up  of 
OA  +  AN  (the  amount  which  B  extends  to  the  right)  — 
MC  (the  amount  which  C  extends  to  the  left).  The  values 
of  OA,  AH  and  MC  are  found  as  shown  in  solving  the  polar 
diagram. 

ORi  extends  op  by  the  amount  of  the  line  SRi,  which 
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equals  NB  (the  amount  which  B  extends  up)  +  BM  (the 
amount  which  C  extends  up). 

The  values  NB  and  BM  are  found  and  ORi  is  computed  as 
shown  in  working  out  the  polar  vector  diagram.  Note  that  the 
component  actions  AN,  MC,  NB  and  BM  are  not  measured 
from  the  point  0,  since  the  vectors  themselves  do  not  start 
from  the  point  0.  The  component  actions  of  any  vector 
by  any  method  always  start  where  the  vector  starts. 

Draw  scheme  of  electrical  connections  and  rough  sketches 
of  both  polar  and  topographic  diagrams  for  each  of  the  following 
problems.  Obtain  numerical  result  by  means  of  the  method 
shown  in  Fig.  86. 

Prob.  69-3.  On  the  armature  of  a  special  generator  built  for 
the  study  of  phase  relations,  there  are  three  separate  coils,  the 
terminals  of  which  are  marked  AB,  AiBi  and  AiBt  as  in  Fig.  89. 
The  e.m.f.  of  each  coil  is  110  volts. 

AiBi  differs  in  phase  from  ABhy  90®. 
AtBi  leads  AiBi  by  SO*'. 

(o)  What  e.m.f.  is  obtained  by  joining  AiBi  in  series  with  AB, 
80  that  AiBi  leads  AB  by  90**? 

(6)  State  the  phase  relation  of  the  resultant  e.m.f.  to  the  e.m.f. 
of  AB,  noting  whether  it  leads  or  lags. 

(c)  Draw  rough  sketch  of  sine  curves  representing  all  these 
e.m.f.'s. 

Prob.  6(^3.  (a)  What  resultant  e.m.f.  is  obtained  when  AiBi 
is  reversed  in  Prob.  59? 

(6)  State  the  phase  relation  of  the  resultant  e.m.f.  to  the  e.m.f. 
of  AB,  noting  whether  it  leads  or  lags. 

(c)  Draw  rough  sine  curves. 

Prob.  61-3.  (a)  What  is  the  resulting  e.m.f.  when  AB,  AiBi, 
AtBt  of  Prob.  60  are  joined  in  series  so  that  AiBt  leads  AiBi  by  30** 
and  AiBi  leads  AB  by  90**? 

(6)  State  the  phase  relation  of  the  resulting  e.m.f.  to  the  e.m.f. 
oiAB. 

(c)  Draw  rough  sine  curves. 

Prob.  62-3.  (a)  What  would  be  the  e.m.f.  across  the  series  cir- 
cuit of  Prob.  61,  if  coil  A2B2  were  reversed? 

(b)  State  phase  relation  of  resultant  e.m.f.  to  the  e.m.f.  of  AB, 

(c)  Draw  rough  sine  curves. 
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Prob.  69-3.  Assume  coil  AxBi  in  Prob.  61  to  be  reversed  and 
answer  (a),  (6)  and  (c),  of  that  problem. 

Prob.  64-8.  A  series  circuit  consists  of  two  parts  AB  and  BC, 
in  series.  A  voltmeter  placed  across  tbtt  entire  circuit,  or  between 
A  and  C,  indicates  110  volts,  while  the  voltage  across  AB  is  440 
volts  and  across  BC  is  also  440  volts.  What  is  the  phase  an^e 
between  e.mi.'s  AB  and  BCl 

Prob.  66-8.  A  series  circuit  is  divided  into  three  parts  by 
points  B  and  C  located  consecutively  between  the  terminals  A 
and  D.  The  following  voltmeter  readings  are  taken  under  steady 
conditions  of  operation:  AB  =  100;  BC  =  100;  CD  =  100; 
AC  =  173.2;  BD  =  100;  AD  =  200. 

Draw  topographic  and  polar  diagrams  to  show  the  relations  be- 
tween these  e.m.f.'s. 

Prob.  66-8.  Solve  problem  65-3  on  the  basis  of  the  following 
voltmeter  readings:  AB  =  100;  BC  =  100;  CD  =  100;  AC  =  100 
BD  =  100;  AD  =  173.2. 

Prob.  67-8.  Solve  problem  65-3  on  the  basis  of  the  following 
voltmeter  readings:  AB  =  100;  BC  =  100;  CD  =  100;  AC  = 
173.2;  BD  =  173.2;  AD  =  200. 

Prob.  68-8.  Solve  problem  65-3  on  the  basis  of  the  following 
voltmeter  readings:  AB  =  100;  BC  =  100;  CD  =  100;  AC  = 
100;  BD  =  100;  AD  =  0.0. 

28.  Closed-delta  Connections.  We  have  seen  that  in 
a  three-phase  generator  the  e.m.f.'s  of  the  three  phases  are 
all  equal  and  differ  from  one  another  by  120°.  When  one 
phase  is  left  idle,  and  the  two  remaining  phases  are  so 
joined  in  series  that  the  resulting  e.m.f.  across  the  two  is 
equal  to  the  voltage  across  either  one,  the  machine  is  said 
to  be  connected  in  open  delta. 

Let  us  see  what  the  voltage  becomes  if  we  join  the  idle 
phase  in  series  with  the  tw^o  already  in  open  delta.  Assmne 
that  by  joining  Ai  to  B,  Fig.  81,  phases  AB  and  AiBi  are 
joined  in  open  delta.  Then  in  Fig.  90,  OR  would  be  the 
voltage  across  ABi,  the  terminals  of  the  series  combination, 
and  would  be  equal  numerically  to  OB, 'the  e.m.f.  of  AiBi 
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and  to  OA,  the  e.m.f.  of  AB,  Assume  that  if  we  now  join 
A2  to  Biy  thfe  phase  OC  will  lead  OB  by  120**.  We  then  have 
a  series  combination  the  ter- 
minals of  which  would  be  AB2- 
By  the  polar  method  of  finding 
the  voltage  across  a  series 
combination  of  three  parts  we 
draw  the  resultant  of  two 
e.m.f.'s  OA  and  OB  as  in  Fig. 
90a,  and  obtain  OR  as  before.  j 

This  resultant  OR  must  then  * 

be   combined  with   the  vector  Fia.  90.    The  vector  OR  repre- 
OC  representing  the  voltage  of      «^°^  ^^®  v^^^®  ^^°^  ^^ 

An       -n   J.  my       j  nn  *wo  coilfl  AB  andAi^i,  joined 

^1262.    But  OR  and  OC  are  ex-  ,  ,.  ' ' 

m  open  delta. 

actly  equal  and  are  seen  by  the 

diagram   to   be   exactly  opposite.      The   resulting  action, 

or  voltage,  is  therefore  zero, 
since  they  exactly  neutralize 
each  other.  The  voltage 
across  AB2  thus  seems  to  be 
zero.  Testing  this  by  the 
topographic  method  we  con- 
struct Fig.  90b.  Draw  OA 
to  represent  the  e.m.f.  of 
AB;  from  the  head  end  at 
120°  to  OA,  draw  AB  to  rep- 
resent  the    e.m.f.    of   AiBi; 

Fig.  Qba.    OC  represents  the  voltage  from  the  head  end  of  AB  and 

across  the  phase  ilsBs.    Note  that  at   120°   to    it    draw    BC   to 

it  is  equal  and  opposite  to  the  represent  the  e.m.f.  of  A2B2. 

vector  ORf  which  represents  the  ^,       ,.  ,  .  r\  j.     jy  > 

voltege  across  the  open-delta  con-  The  distance  from  0  to  C  IS 

nection  of  the  other  two  phases,  then  the  resultant  voltage 
A  combination  of  OC  and  OR  across  the  series  combination 
would  result  in  zero  voltage.         ^j  ^^e  three  phases.     Here 

again  it  is  seen  to  be  zero,  since  C  falls  exactly  on  0. 
The  voltage  therefore  across  from  A  to  B2  is  zero.     It  is 


-TTP^ 
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perfectly  safe  then  to  join  these  points  together.  No  cur- 
rent would  circulate  through  the  coils,  since  there  would  be 
no  voltage  between  the  ends  joined.  This  is  commonly 
done  and  the  machine  so  connected  is  said  to  be  joined  in 


A 


r 


I    ')S 


r.  -, 


I 


Fig.  00b.  A^pographic  vector  diagram  for  the  closed-delta  ooxmectioiiy 
showing  that  no  voltage  exists  across  series  combination  of  the  three 
phases  when  so  joined. 

I 

closed  delta.    The  word  delta  is  the  name  of  the  Greek 
letter  A,  which  closely  resembles  the  diagrammatic  repre- 
.  sentation  of  this  connection.     (See  Fig.  90c.) 

Usually  Ai  is  joined  to  B,  At  to  Bi  and  Bs  to  A,  inside  the 


■fr- 


^ 


FiQ.  OOc.    Diagram  of  a  delta-connected  machine.    Merely  the  termi- 
nals 1|  2  and  3  are  brought  outside  of  the  frame. 

frame  of  the  machine  and  three  leads  only,  one  from  each 
juncture,  are  brought  out  to  a  terminal-board  similar  to 
that  in  Fig.  89.  We  then  have  three  phases  for  use  and  but 
three  leald  wires,  as  is  seen  by  Fig.  90c,  which  shows  the 
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connections  to  the  inside  of  the  same  machine.  Between 
the  leads  1  and  2  is  the  e.m.f.  of  phase  AiBi,  between  the 
leads  2  and  3  is  the  e.m.f.  of  phase  ^12^21  and  between  the 
leads  3  and  1  is  the  e.m.f .  of  phase  AB. 

Prob.  69-8.  If  the  voltage  across  each  path  of  the  armature  of 
the  three-phase  generator  in  Fig.  81  is  220  volts,  show  by  the 
numerical  solution  of  a  polar  diagram  for  this  case  that  the  voltage 
across  ABi  is  zero  when  joined  in  series  for  a  closed-delta  connection. 

Prob.  70-3.  If  in  attempting  to  make  a  closed  delta  the  phase 
AB  (Fig.  81)  were  connected  oppositely,  by  mistake,  what  would 
be  the  result?  Draw  a  topographic  diagram  to  represent  the 
relations  between  the  e.m.f.'s  of  the  three  phases,  and  calculate 
thereby  the  resultant  e.m.f^  of  the  series,  which  would  act  to  pro- 
duce an  internal  circulating  current  around  the  closed  delta  when 
the  connections  of  the  phases  are  completed.  Voltage  across  each 
phase,  220  volts. 

Prob.  71-3.  Repeat  the  solutions  of  Prob.  70-3,  with  phase 
AiBi  only,  reversed. 

Prob.  72-3.  Repeat  the  solutions  of  Prob.  70-3,  with  ^phase 
AiBi  only,  reversed. 

Prob.  73-3.  Repeat  the  solutions  of  Prob.  70-3,  with  phases 
AB  and  AiBi  both  reversed. 

Prob.  74-3.  Repeat  the  solutions  of  Prob.  70-3,  with  phases 
AiBi  and  AiBi  both  reversed. 

Prob.  76-3.  Repeat  the  solutions  of  Prob.  70-3,  with  phases 
AB  and  AiBi  both  reversed. 

Prob.  76-3.  Repeat  the  solutions  of  Prob.  70-3,  with  phases 
AB,  AiBi  and  AiBi  all  reversed. 

29.  Summaiy  of  Vector  Addition.  We  have  seen  that 
l^  reversing  the  connections  of  a  coil  producing  an  e.m.f ., 
we  change  the  phase  of  the  e.m.f.  in  that  coil  by  180  elec- 
trical degrees.  Therefore  in  representing  the  e.m.f.  of  the 
reversed  coil,  we  use  a  vector  which  has  been  turned  180® 
from  the  original  position.  This  brings  it  into  a  position 
exactly  opposite  the,  original  position.  It  makes  no  differ- 
ence whether  we  call  it  a  lead  of  180®  or  a  lag  of  180®  with 
respect  to  the  original  position  of  the  vector,  since  either 
wiU  bring  it  exactly  opposite  the  original  position. 
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It  is  necessary  to  choose  a  certain  direction  through  the  coil 
as  the  positive  direction  of  the  e.m.f .  Of  course  the  e.m.f.  is 
continually  alternating,  but  we  choose  one  direction  as  the 
positive  direction,  just  as  we  choose  the  upper  loop  of  the 

e.m.f.  sine  curve  as  the  positive  loop 
in  order  to  define  the  relations  to  each 
other,  of  several  e.m.f.'s  acting  m  the 
same  circuit. 


Fig.  91a.  Coils  A  and 
B  are  joined  in  series. 
Arrows  show  the  posi- 
tive directions  of  e.m.f. 
in  the  coils  to  be  in 
the  same  direction. 


Fig.  91b.    Topographic  vector  diagram  of 
the  e.m.f .'s  in  the  coils  of  Fig.  91a. 


Fig.  91c.  Topographic  vector  diagram 
of  e.m.f .'s  in  coils  of  Fig.  91a,  if  the 
phase  difference  is  60^. 


Fig.  9 Id.  Polar  diagram 
corresponding  to  topo- 
graphic diagram  in  Fig. 
91c. 


Suppose  that  the  e.m.f.  in  coil  A  (Fig.  Ola)  reaches  its 
maximum  value  in  the  direction  chosen  as  positive  (shown  by 
arrow  below  coil  A),  at  exactly  the  same  instant  that  the 
e.m.f.  in  coil  B  reaches  its  maximum  positive  value  (chosen 


B 
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positive  direction  shown  by  arrow  below  coil  B).  The  two 
e.m.f.'s  are  therefore  in  phase.  Let  the  (+)  end  of  coil  A 
(at  head  of  arrow  representing  positive  ^ 

direction  of  e.m.f .)  be  connected  to  the   ^TTOTnT^TnTOTp  > 
( — )  end  of  coil  B.    The  positive  direc- 
tions  therefore  coincide  in  the  series 
circuit  thus  formed;  the  vectors  rep- 
resenting these  e.m.f.'s  are  pointed  in  /^TfTTTOT^Tf^Qoo 

the  same  direction,  so  that  in  a  topo-  ^   ^ 

graphic  diagram  (Fig.  91b)  they  lie  Fig.  92a.  The  connec- 
along  the  same  straight  line  with  head      **°\°^  "^^  ^  ^^^  ^ 

J-  ,        ,.        ..,       ji?xi_  has  been  changed  from 

end  of  one  touchmg  tail  end  of  other,      ^j^^^  ^^  ^.^  g ^^  ^  ^^^ 

The  total  e.m.f.  is  equal  to  the  arith-  the  positive  directions 
metical  sum  of  the  e.m.f.'s  A  and  B.  of  the  e.m.f.'s  in  the 
Suppose  now  that  the  e.m.f.'s  remain  t^o  coils  oppose  each 
unchanged,  while  we  reverse  the  con-  otl^er. 
nection  of  B  to  A,  as  shown  in  Fig.  92a.  Considering  the 
entire  series  circuit,  we  see  that  the  e.m.f.  in  A  reaches  its 
maximum  (+)  value  at  the  same  instant  that  the  e.m.f.  in 
B  reaches  its  own  maximum  (+)  value,  but  the  latter  value 


OR     ;  A 

^^ — ' — -* 


B 
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Fig.  92b.    The  topographic  vector  diagram  for  the  e.m.f.'s  when  so 
joined  that  they  oppose  each  other  as  in  Fig.  92a. 

is  opposed  to  the  former  on  account  of  the  manner  of  con- 
necting between  coils.  Plainly,  the  total  e.m.f.  is  now  the 
arithmetical  difference  between  the  e.m.f.'s  of  A  and  B,  as 
illustrated  by  the  resultant  vector  OR  in  the  topographic 
diagram  Fig.  92b. 

Before  we  make  a  summation  of  vectors  in  any  vector  dia- 
gram, it  is  absolutely  necessary  that  we  arrange  all  vectors  so 
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that  they  represent  phase  relations  between  the  various  e.m.f  .*8 
or  currents,  with  respect  to  the  same  positive  direction  through 
the  entire  circuit.  The  angles  between  vectors  on  any  given 
plane  diagram  can  represent  only  one  thing:  in  a  force 
diagram  in  mechanics,  the  angles  between  lines  of  force 
represent  actual  differences  of  direction  in  space,  whereas 
in  an  electrical  diagram,  where  each  vector  represents  an 
alternating  e.m.f.,  the  angles  between  vectors  represent  the 
time  or  phase  relations  between  the  e.m.f.'s.    There  are, 


I 

Fig.  92c.     The  topographic  vector  diagram  of  the  e.m.f.'s  in  coils  A 
and  B  of  Fig.  92a  if  the  e.m.f  .'s  are  at  60^  to  each  other. 


however,  three  ways  in  which  alternating  e.m.f.'s  differ 
among  themselves,  namely,  value  or  magnitude,  time  relation 
between  their  maximum  values  (or  phase  relation),  and 
direction  through  the  electrical  circuit.  The  vector  dia- 
gram can  represent  only  two  of  these  differences:  the  length 
of  each  vector  represents  the  effective  or  the  maximum 
value  of  the  e.m.f.,  and  the  angles  between  vectors  represent 
difference  of  phase,  or  difference  in  time  between  the  instants 
at  which  the  corresponding  e.m.f.'s  attain  their  respective 
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maximum  values.  As  the  relative  direction  of  the  various 
e.m.f.'s  or  currents  through  their  common  circuit  cannot 
be  represented  on  the  diagram,  it  is  necessary  to  arrange 
the  vectors  so  that  differences  of  direction  are  eliminated, 
before  they  can  be  combined  to  find  the  total  or  resultant 
e.m.f.,  or  current,  in  the  circuit. 

This  will  be  clearer  if  we  discuss  e.m.f.'s  which  have  some 
other  phase  difference  than  0^ 
or  180°.  Let  us  say  that  the 
e.m.f.  in  B  (Fig.  Ola)  reaches  its 
maximum  value  60**  (one-sixth 
period)  before  the  e.m.f.  in  A 
reaches  its  maximum  value,  in 
the  directions  marked  by  arrows 
as  positive.  As  the  positive 
directions  of  both  e.m.f.'s  in 
this  case  point  in  the  same 
direction  through  their  common 
circuit,  the  topographic  dia- 
gram, Fig.  91c,  represents  cor- 
rectly the  vector  relations,  and  the  vector  fii  represents  the 
resultant  or  total  e.m.f.  A®  B.  When  we  reverse  the  con- 
nections of  coil  £  as  in  Fig.  92a,  we  must  also  reverse  the  cor- 
responding e.m.f.  vector  as  in  Fig.  92c.  Now  the  topographic 
diagram  should  be  arranged  so  that  the  resultant  is  repre- 
sented by  a  line  drawn  from  the  tail  of  the  first  vector  to  the 
head  of  the  last  in  the  series,  but  this  requires  that  all  the  ar- 
rows point  in  the  same  direction;  head  of  one  joined  to  tail  of 
next,  and  so  on.  Since  Fig.  92c  does  not  allow  this,  Fig.  92cc 
is  arranged  in  this  way,  and  is  exactly  equivalent  to  Fig.  92c. 
After  this  rearrangement  of  vectors  has  been  made,  the  re- 
sultant is  obtained  directly,  as  iZa,  by  joining  the  beginning 
of  vector  A  to  the  end  of  vector  B,  with  a  straight  line; 
R2  lags  behind  A  by  the  angle  B  and  leads  B  by  the  angle  ^. 
Notice  here,  that  when  B«  occurs  60®  earlier  than  Am  but  in 
the  opposite  direction  (as  in  Fig.  92c),  the  resultant  is  exactly 


FiQ.  92cc.  Rearranged  topo- 
graphic diagram  of  Fig.  92c, 
putting  arrows  **  tail-to-head." 


120 


ALTERNATING^URRENT  ELECTRICITY 


the'  same  as  when  Bm  occurs  120^  later  than  A^  but  in  the 
same  direction  (as  in  Fig.  92cc),  This  must  be  so,  of  course, 
because  an  e.m.f.  reaches  its  maximum  value  in  one  direc- 
tion  just  one-half  period  or  180  electrical  degrees  before  (or 
after)  it  passes  through  its  maximum  value  in  the  opposite 
direction.  So  when  B  is  added  in  the  direction  opposite  to  A 
and  leading  A  by  60°,  it  is  equivalent  to  adding  B  in  the  same 
direction  as  A  but  leadmg  by  (60°  +  180°),  or  (60°  -  180°), 


Fig.  92d.  Polar  diagram  cor- 
responding to  topographic 
diagrams  92a,  b,  c. 


FiQ.  92dd.  Rearranged  polar  diagram 
of  Fig.  92d,  putting  vector  B  so  that 
it  starts  from  0. 


which  means  leading  by  240°  or  lagging  by  120°,  as  shown  in 
Fig.  92cc.  Figures  91d,  92d  and  92dd  are  the  polar  diagrams 
corresponding  to  Fig.  91c,  92c  and  92cc,  respectively. 
Note  the  following  with  regard  to  vector  diagrams: 
First.  The  arrows  in  Fig.  91  and  Fig.  92  do  not  represent 
any  instantaneous  direction  of  e.m.f.,  but  merely  the  direction 
which  we  decide  to  call  the  positive  direction,  in  order  to 
draw  our  vector  diagrams  conveniently  for  finding  result- 
ants. 

Second.  Before  the  parallelogram  may  be  completed  in 
order  to  find  the  resultant  diagonal  in  any  polar  diagram,  the 
angles  between  vectors  must  be  so  adjusted  that  all  vectors 
point  away  from  the  origin  or  pole. 
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Third.  Before  the  resultant  vector  may  be  drawn,  joining 
the  tail  of  the  first  vector  to  the  head  of  the  last  of  any 
string  of  vectors  in  a  topographic  diagram,  the  angles  be- 
tween vectors  must  be  adjusted  so  that  all  vectors  point  in  the 
same  direction  along  the  string. 

The  following  figures  show  the  polar  and  topographic 
vector  diagrams  for  phase  dififerences  of  60*^,  120**  and  180®, 
lead  or  lag,  and  connections  arranged  for  either  additive  or 
subtractive  relation  of  positive  directions  in  the  circuit. 
These  are  the  relations  most  commonly  met  in  practice. 
The  diagrams  have  been  arranged  to  show  the  differences 
and  the  fundamental  ideas  as  clearly  as  possible.  In  fact 
they  form  a  sort  of  index  to  the  subject  of  vector  diagram 
interpretation  of  e.m.f .  or  current  relations  in  the  alternating- 
current  circuit,  and  if  thoroughly  mastered  they  can  be 
used  as  a  sort  of  reference  to  check  all  future  vector  diagrams. 
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FiQ.  93a.    Polar  diar         irwt<ftaw^     /fsmmm»    Fig.  93c.  Topograph- 
gram  of  vectors.  b      /    i      b  ic  diagram  of  vectors. 


Fig.  93b.     Coil  connections  showing  directions  in  \^^,  ^ 

which  e.m.f.'s  reach  maximum  values  with  time 
differences  as  represented  by  the  phase  angles 
of  the  vector  diagrams. 

A  and  B  are  in  phase :  That  is,  they  both  reach  their  positive  maxi- 
mum values  at  the  same  instant  and  the  negative  maximum  values  at 
the  same  instant. 


; 


] 
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Fic.  93aa.    Polar  dia- 
gram of  vectors. 
R  s  resultant. 


B 
VnRRRRRiro 


FiQ.  93cc.     Topo- 
graph diagram  of 
vectors. 
R  —  resultant. 


Fig.  93bb.  Coil  connections  which  produce  this  result. 
Note  that  in  all  cases  the  positive  direction  through  one 
coil  is  reversed  from  its  corresponding  direction  in  Fig.  93b. 

\  B  leads  or  lags  behind  A  by  z8o^  That  is,  +  Bm  occurs  180"*  later  or 
sooner  than  +  Amt  and  —  Bm  occurs  180^  later  or  sooner  than  —  Am, 
etc.,  +  Bm  therefore  occurs  at  the  same  instant  as  —  Am  and  vice  versa. 


k 
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Fig.  94a.    Polar  dia- 
gram of  vectors. 


Fig.  94b.    Two  of  the 
many  possible  connec- 
tions to  produce  this  Fig.  94c.     Topographic 
effect.  diagram  of  vectors. 

B  lags  6o^  behind  A,  in  the  same  direction.    That  is,  +  Bm  occurs  i 
period  after  +  -^m,  and  —  Bm  occurs  J  period  after  —  Am. 


c 


A 


B 


B 


B 


FiG.94cc.  Topograph- 
ical diagram  of  vectors. 


FiG.94bb.   Four  of  the 
FiG.94aa.   Polar  dia-       ^^ny  possible  con- 
gram  of  vectors.  nections  to  produce 

this  result. 

B  leads  A  by  120^,  in  the  opposite  direction.  That  is,  +  Bm  occurs  } 
period  before  —  -Am  and  —  Bm  occurs  f  period  before  4-  Am. 

Note  that  the  resulting  vector  diagrams  are  identical  with  Fig. 
94a  and  c,  in  which  B  lags  60^  behind  A.  This  shows  how  the  reversal 
of  coil  connections  is  equivalent  to  the  reversal  of  the  positive  direction 
through  the  coil,  or  to  changing  the  phase  of  the  vector  by  180®. 
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A 


A 


Fig.  95a.    Polar  dia- 
gram of  vectors. 


Fig.  95b.     Two  of  the 
many  possible  connec- 


BkffsUO' 


tions  to  produce  this    Fig.  95c.  Topograph- 
result.  ic  diagram  of  vectors. 


B  lags  120''  behind  A,  in  the  same  direction.    That  is,  +  Bm  occurs 
120''  later  than  +  Am  and  —  Bm  occurs  I2(f  later  than  —Am^  etc. 


B 
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Fig.  95aa.  Polar 
diagram  of  vec- 
tors. 


FiG.95bb.  Two  of  the 
many  possible  con- 
nections to  produce 
this  effect. 


Fig.  95cc.    Topographic 
diagram  of  vectors. 


B  leads  A  by  6o**,  in  the  opposite  direction.  That  is,  +  Bm  occurs  60^ 
sooner  than  —  Am  and  —  Bm  occurs  60*  sooner  than  +  Am,  etc.  Note 
that  these  diagrams  are  similar  to  95a  and  c,  showing  that  a  lead  of  60*  in 
opposed  directions  is  equivalent  to  a  lag  of  120*  in  the  same  direction. 


A 
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Pig.  96a.    Polar  vec- 
tor diagram. 


Fig.  96b.    Two  of  the 
many  possible  con- 
nections to  produce  Fig.  96c.     Topographic 
this  condition.  vector  diagram. 


B  leads  A  by  6o*,  in  the  same  direction.  That  is,  +  Bm  occurs  60* 
before  +  Am  and  —  Bm  occurs  60*  before  —  Am,  etc. 

Compare  carefully  with  Fig.  95aa  and  95cc  to  note  the  meaning  of 
terms  used. 
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FiG.96aa.  Polar  veo- 
tor  diagram. 


Bla««UO* 


Fig.  96bb.    Two  of  the 
many  possible  con- 
nections to  produce    Fig.96cc.  Topographic 
this  condition.  vector  diagram.  . 

B  lags  behind  A  by  120°,  in  the  opposite  direction.    That  is,  +  Bm 
occurs  120**  later  than  —  Am,  and  —  Bm  occurs  120**  later  than  -f  Amy  etc. 
Compare  carefully  with  Fig.  95a  and  95c  and  note  the  difference  in 
meaning  of  the  terms,  "  lag  12&  in  the  same  direction  "  and  "  lag  12(f  in 
the  opposite  direction.^'    Note  also  the  similarity  of  all  Fig.  96  diagrams. 
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Fig.  97a.    Polar  vec- 
tor diagram. 


Fig.  97c.   Topographic 
vector  diagram. 


Fig.  97b.  Two  of  the 
many  possible  con- 
nections to  produce 
this  result. 

B  leads  A  by  120**,  in  the  same  direction.  That  is,  +  Bm  occurs  120'' 
before  ■\-  Am  and  —  Bm  occurs  120**  before  —  Am,  etc. 

Compare  carefully  with  Fig.  94aa  and  94cc  to  note  the  difference  in 
meaning  of  the  terms  "leads  by  12(f  in  the  same  direction"  and  "leads 
by  120^  in  the  opposite  direction" 
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FiG.97bb.    Two  of  the 
many  possible  con- 
FiG.  97aa.   Polar  veo-     nections  to  produce    Fig.  97cc.    Topographic 
tor  diagram.  this  effect.  vector  diagram. 

Blags  behind  A  by  60**,  in  the  opposite  direction.  That  is,  +  Bm  occurs 
60**  after  —  Am  and  —  Bm  occurs  60**  after  -\-  Amy  etc. 

Compare  carefully  with  Fig.  94a  and  94c  to  note  the  difference  in 
meaning  between  "  lags  6(f  in  the  same  direction  "  and  "  lags  60°  in  the 
opposite  direction." 

Note  also  by  the  similarity  of  all  diagrams  in  Fig.  97  that  "  leads  by 
12(f  in  the  same  directum  "  is  equivalent  to  *'  lags  6(f  in  the  opposite 
direction" 
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4  ? 


10.    98.       Positive     direction 
through  the  coils  is  the  same. 


X 


Prob.  77-3.  The  e.m.f.  of  110  volts  across  the  coil  AB,  Fig.  98, 
leads  the  e.m.f.  of  110  volts  across  CD  by  120°,  with  respect  to 
positive  directions  as  marked.  Con- 
struct polar  and  topographic  vector 
diagrams  and  compute  the  e.m.f. 
between  the  wires  1  and  3. 

Prob.  78-8.  The  e.m.f.  of  110 
volts  across  the  coil  RS^  Fig.  99, 
leads  the  e.m.f.  of  110  volts  across 
the  coil  TV  by  120°,  but  the  pos- 
itive directions  are  opposed.  Con- 
struct polar  and  topographic  vector 
diagrams  and  compute  the  e.m.f. 
between  the  line  wires  x  and  y. 

Prob.  79-8.  Solve  Problem  77 
assuming  that  the  e.m.f.  of  AB 
leads  the  e.m.f .  of  CD  by  60°. 

Prob.  8(K8.    Solve  Problem  78  assiuning  that  the  e.m.f.  of  RS 
leads  the  e.m.f.  of  TV  by  60°  with  positive  directions  opposed. 

Prob.  81-8.  Assume  that  the 
phase  difference  in  Prob.  77  is  15° 
and  recompute  the  e.m.f .  across  1 
and  3. 

Prob.  82-8.  Compute  the  e.m.f . 
Fig.  99.    The  voltage  across  RS  ^^oss  x  and  y,  Prob.  78,  assum- 
leads  the  voltage  across  TV  by  j^g  ^j^e  phase  difference  is  15°  with 
120«  but  in  the  opposite  direction,   positive  directions  opposed. 

Prob.  88-8.  Repeat  Problems  77  and  78,  using  a  phase  difference 
of  145°. 

30.  Star  or  Y  Connections.  If,  by  applying  the  volt- 
meter test,  we  found  that  the  correct  open-delta  connection 
for  the  three-phase  generator  in  Fig.  100,  was  to  join  Ai  to 
By  there  would  be  the  same  voltage  from  A  to  £i  as  from 
A  to  B  when  the  phases  are  so  joined.  The  simple  diagram 
of  connections  would  be  as  in  Fig.  100a,  which  is  equivalent 
to  Fig.  97b.  The  vector  diagram  would  be  like  Fig.  97c. 
This  is  also  shown  by  the  topographic  vector  diagram  in  Fig. 
101,  which  is  self-explanatory. 

Suppose  now  that  we  reverse  the  connection  to  phase  AiBi 
ty  connecting  Si  to  B  instead  of  Ai  to  B.    The  simple  con- 
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nection  diagram  now  becomes  Fig.  102  which  is  like  Fig. 

94bb.    The  positive  directions  through  the  circuit  now  oppose 

each  other.  The  topographic  vector 
diagram  will  be  like  Fig.  94cc,  as 
indicated  in  Fig.  102a,  which  is  a 
topographic  diagram  differing  from 
Fig.  101  only  in  that  the  end  Bi 
instead  of  the  end 
Ai  of  vector  AiBi 
is  attached  to  the 
end  B  of  vector 

Fig.  100.  A  three-phase  AB.  The  magni-  Fia.  100a.  The  simple 
generator  with  both  ends  tude  and  relative  diagram  of  conneo- 
of  each  phase  brought  position   of   these      ^^^^  ^^^  ^^^  ^^ 

^^*-  vectors  remain     ^t^rl^F^^loT" 

unchanged.      Fig.  102a  shows  that  the     ^^  '^'^    *• 
e.m.f.'s  AB  and  A\B\  reach  maximum  values  in  opposite 
directions  through  their  common  series  circuit,  at  instants 

B, 


Fig.  101.    Topographic  vector  diagram  for  the  voltage  across  an  open- 
delta  connection. 

separated  by  an  interval  of  time  represented  by  120  elec- 
trical degrees. 

Before  we  can  add  these  vectors  and  get  their  resultant, 
we  must  redraw  the  diagram  so  as  to  show  the  differences 
of  phase,  or  time,  between  the  instants  at  which  they  reach 
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their  maximum  instantaneous  values,  in  the  same  direction 

through  their  common  circuit.    If  the  e.m.f.   {Ai  to  Bi) 

leads  the  e.m.f.  (A  to  B)  by  120®,  then  a. 

the  e.m.f.  (Bi  to  Ai)  leads  the  e.m.f.  (A  ill 

to  B)  by  (120®  ±  180®),  or  lags  behind  i  |    | 

the  e.m.f.  (A  to  B)  by  60®.     But  the  b^— 

directions  (Bi  to  Ai)  and  (A  to  B)  are  Fia.  102.  The  simple 

identical  in  the  new  series  connection  of     connection  diagram 

coils,  hence  after  reversing  the  direction 

of  the  AiBi  vector  (or  swinging  it  through 

180®),  as  in  Fig.  103,  we  have  the  correct 

arrangement  for  a  topographic  diagram; 

and  then  a  straight  line  drawn  from  A  to  Ai  represents  the 

total  e.m.f.  of  the  two  phases  in  series,  with  Bi  connected 

to  B.  \Ai 


if  the  coil  AiBi  of 
the  generator  in  Fig. 
100  is  reversed  in  its 
connection  to  coil 
AB. 


|A      AtoB^nOrol^    B 


! 

Fia.  102a.  Topographic  vector 
diagram  of  e.m.f.'s  in  coils  AB 
and  AiBi  of  the  generator  of 
Fig.  100,  when  the  connection 
of  AiBi  is  reversed. 


i      AtoB«2a0voH« 


Fig.  103.  Topographic  solution  of 
the  diagram  in  Fig.  102a.  The 
vector  AAi  represents  the  e.m.f. 
across  coils  AB  and  AiBi  when 
Bi  is  joined  to  B. 


The  numerical  value  of  this  resultant  e.m.f.  from  A  to  Ai 

(Fig.  103)  may  be  found  by  the  law  of  sines  (see  Appendix  A). 

e.m.f.  A  to  Ai     sine  120®      .866  ^ 

=  1 .73  =  V3  (when  AB  and 


sine  30' 


.5 


e.m.f.  A  to  B 

AiBi  are  equal), 

or  e.m.f.  (A  to  Ai)  =  V3  X  e.m.f.  (A  to  B), 

or         Ea,a  =  1.73  X  220  =  381  volts. 
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Thus  the  voltage  across  the  points  A-Ai  of  the  two  phases 
so  joined  in  series  is  Vs,  or  1.73,  times  the  voltage  across  one 
phase.  When  one  phase  of  an  open-delta  is  reversed  the 
voltage  across  the  combination  always  equals  V3,  or  1 .73, 
times  the  voltage  across  one  phase. 

By  joining  the  phase  A2B2  (also  in  the  reversed  direction) 
to  this  combination  of  the  other  two  phases  (that  is,  by 
joining  end  B2  to  the  juncture  of  B  and  Si),  we  get  the  star 
or  Y  connection;  so-called  because  the  figure  made  by  the 
joined  phases  resembles  a  star  or  the  letter  Y.  Thus,  when 
the  three  phases  all  have  their  B  ends  joined  they  look  like 


\ 


Fig.  104.  The  conventional  dia- 
gram for  a  Y-connected  set  of 
coils.  Compare  with  Fig.  105, 
which  is  a  A-connected  set. 


A >"B 

Fig.  105.    A  A-connected  set 
of  coils. 


Fig.  104.  Compare  this  with  their  appearance  when  joined 
in  delta  as  in  Fig.  105.  When  Y-connected  there  are  three 
sets  of  two  phases  in  series,  but  note  that  in  each  set  one  of 
the  phases  is  reversed  from  its  position  in  the  delta  connec- 
tion. Thus  the  voltage  across  any  pair  is  equal  to  Vs 
times  the  voltage  across  a  single  phase  as  shown  in  the 
solution  of  Fig.  103. 

Prob.  84-3.  What  would  be  the  voltage  across  any  two  ter- 
minals of  the  generator  in  Prob.  69  if  it  were  Y-connected? 

Prob.  86-3.  The  voltage  across  any  two  terminals  of  a  Y-con- 
nected generator  is  381  volts.  What  is  the  voltage  across  each 
component  part  of  any  armature  path  in  the  machine? 
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31.  Parallel  Connections.  Suppose  that  we  connect  two 
valveless  pumps  of  exactly  the  same  size  in  series  as  in  Fig. 
106.  Note  that  the  head  end  of  one  pump  is  connected  to 
the  crank  end  of  the  other.  Since  they  are  in  series  the  same 
current  is  flowing  through  each  as  is  flowing  through  the 
pipe  line.  Let  us  assume  that  the  maximum  current  for 
each  is  100  gal./min. 


Crank 


>  —  _»'' 


w  m 

FiQ.  106.  The  two  pumps  are  in  seriee. 

Then,  at  the  position  at  which  they  happen  to  be  at  this 

instant,  25®  from  the  dead  center  (m)  the  current  flowing  in 

each  would  be 

100  sin  25°  =  42.3  gal./min. 

This  would  also  be  the  current  in  the  main  pipe  line.  Now 
suppose  we  connect  the  same  pumps  in  parallel  as  in  Fig.  107. 
Note  particularly ^that  now  the  two  head  ends  are  joined, 
and  the  two  crank  ends.  This  amounts  to  turning  one  pump 
around,  or  reversing  it  with  respect  to  the  path  through  the 
pumps. 

They  no  longer  pump  water  through  each  other  in  forcing 
it  into  the  line,  but  each  supplies  a  separate  current  to  the 
main  pipe  line.  Thus  the  current  flowing  in  this  pipe  line 
must  be  the  sum  of  the  currents  supplied  by  the  two  pumps. 
As  the  pistons  have  the  same  positions  as  in  Fig.  106,  they 
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must  each  be  supplying  42.3  gal./min.,  and  the  main  pipe 
line  must  be  carrying  2  X  42.3  gal./min.,  or  84.6  gal./min. 

It  is  to  be  noted  also  that  in  order  to  supply  this  current 
to  the  line,  each  pump  must  exert  exactly  the  same  pressure 
as  the  other  at  all  times.  Thus  it  must  not  only  have  the 
same  maximum  pressure  as  the  other,  but  it  must  also  reach 
its  maximum  pressure  at  the  same  instant  that  the  other 
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Fig.  107.    The  two  pumps  are  in  parallel.    Note  that  this  mode  of 
comiection  amounts  to  the  reversal  of  the  series  connection. 

does.  In  other  words,  in  order  to  work  satisfactorily,  the 
different  unit^s  of  a  parallel  combination  must  have  the 
same  pressure,  and  be  in  phase  and  in  synchronism.    '^'^     .  %«    v  i  h  ^ 

The  same  thing  is  true  of  alternating-current  generators. 
They  must  not  only  have  equal  voltage,  but  they  must  also 
nm  in  phase  and  in  synchronism,  that  is,  reach  their  maxi- 
mum, minimum  and  all  other  instantaneous  values  at  exactly 
the  same  instant. 

What  happens  when  two  alternators  are  not  synchronized, 
can  easily  be  understood  by  referring  to  Fig.  108,  which 
represents  the  same  two  pumps  running  in  parallel,  but  out 
of  phase. 

The  current  being  delivered  by  cylinder  A  equals 

100  sin  90°  =  100  gal./min. 
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The  current  being  delivered  by  cylinder  B  equals 

100  sin  300°  =  - 100  sin  60° 

=  —86.6  gal./min. 

The  statement  that  cylinder  B  is  delivering  —86.6  gal./min. 
means  that  it  is  receiving  86.6  gal./min. 


x 


* 


vJTl 


m 


Fig.  108. 


The  two  pumps  are  joined  in  parallel,  but  they  are  not  in 

phase. 


Thus,  if  A  is  delivering  100  gal./min  and  B  is  receiving  86.6 
gal./min.,  then  the  pipe  line  must  be  getting  at  this  instant 
only  100  —  86.6,  or  13.4  gal./min.,  although  each  pump  is 
working  as  fast  as  when  they  were  in  phase  in  Fig.  107. 
In  other  words,  if  two  pumps  were  connected  in  this  manner 
and  were  out  of  step,  they  would  be  delivering  a  consider- 
able current  of  water  to  each  other,  and  thus  the  line  would 
receive  but  little. 

This  is  exactly  what  happens  if  two  alternators  are  con- 
nected in  parallel  when  they  are  out  of  phase;  they  send 
through  each  other  such  large  surges  of  current  which  do 
not  reach  the  main  line  at  all,  that  special  protective  appa- 


132 


ALTERNATING-CURRENT  ELECTRICITY 


ratus  is  usually  installed  to  prevent  the  generators  from 
ruining  themselves  from  this  cause. 

Another  way  of  showing  the  same  thing  would  be  to  com- 
pute the  maximum  current  for  both  Fig.  107  and  Fig.  108, 
instead  of  some  other  instantaneous  current  as  above. 

The  topographic  vector  diagram  for  Fig.  107,  where  both 
are  in  phase  would  be  as  in  Fig.  109,  where  I  a  represents  the 
current  delivered  by  pump  A,  and  Ib  the  current  delivered 
by  pump  B. 


Fig.  109.    Topographic  vector  diagram  for  current  delivered  to  the 

line  by  the  pumps  in  Fig.  107. 


The  maximum  current  in  the  pipe  line  would  be  the 
vector  sum,  0/b,  of  the  currents  in  each  cylinder  or 

/line  =  /a  ®  /b  =  100  +  100 
=  200  gal./min. 

Similarly,  the  vector  diagram  for  Fig.  108,  when  they  are 
(300**  -  90*'),  or  210*',  out  of  phase  would  be  as  in  Fig.  110. 
The  current  in  the  pipe  line  would  be  the  vector  sum  01  b  of 
the  currents  in  each  cylinder.  Note  how  much  smaller 
OIb  is  in  this  figure  than  in  Fig.  109. 

/line  =  Ia^  Ib 

The  value  of  this  line  current  can  be  found  more  easily 
from  th^  polar  diagram  constructed  in  Fig.  Ill,  where  OR 
equals  the  line  current. 
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/line*   =  /a'  +  /fl^  +  2  IaIb  cos  150^ 

=  10,000  +  10,000  -  20,000  X  0.866 
=  2680, 

lBne=  V2680 

=  51.8  gal./min. 
The  twaTftwiitn  current  ever  flowing  through  the  main  line 
would  then  be  but  51%8  gal./nim.,  although  through  each 
pump  would  be  flowing  a  maximum  current  of  100  gal./min. 
Compare  this  with  200  gal./min.  in  the  main  line  when  the 
pumps  were  running  in  phase  and  in  synchronism. 


Fia.  1 10.  Topographic  vector  dia- 
gram for  the  current  delivered 
to  the  line  by  the  pumps  in  Fig. 
108. 


Fig.  111.  Polar  vector  dia- 
gram for  the  current  d6- 
livered  by  the  pumps  in 
Fig.  108. 


Prob.  86-8.  The  pumps  in  Fig.  107  are  running  in  phase  and  in 
synchronism  and  each  supplies  a  maximum  current  of  48  gal./min. 
What  current  is  flowing  in  the  pipe  line,  when  the  pumps  are  at 
the  135^  position,  and  in  what  direction  is  it  flowing,  clockwise  or 
coimter-clockwise? 

Prob.  87-8,  If  the  pumps  in  Fig.  108  were  only  30°  out  of 
step,  what  would  be  the  maximum  current  in  the  main  pipe  line? 

Prob.  88-8.  What  would  be  the  values  of  the  instantaneous 
currents  in  each  of  the  pumps  in  Prob.  87,  when  the  current  in  the 
pipe  was  at  the  maximimi  value? 

Prob.  89-3.  If  the  pumps  in  Fig.  108  were  180°  out  of  phase, 
what  would  be  the  maximum  current  in  the  pipe  line? 
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32.  Parallel  Circuits:  Voltage  and  Current  Relations. 
The  above  discussion  has  a  close  analogy  in  the  case  of  two 
alternators  A  and  B  connected  in  parallel  as  in  Fig.  112,  and 

delivering  current  to  the  com- 
mon mains.    Assume  that  each 
generator  delivers   normally  a 
-  maximum  current  of   100  am- 
Fia.  112.    The  alternators  A  and  peres  and  that  the  current  out- 
B  are  connected  in  paraUel  and      ^^  ^f  ^g^ch  machme  remains  the 
both  supply  current  to  the  line  /--,/> 

if  they  are  in  synchronism.        ^^®  ^^^  amperes  maximum,  or 

70.7  amperes  effective)  imder  all 

conditions.  Then,  if  they  should  get  as  much  as  210°  out  of 
step,  the  resulting  current  in  the  line  would  drop  to  36.6 
amperes  effective  if  the  current  of  each  stays  constant  (or 
01 B,  Fig.  110,  -7-  y/Tjj  as  against  141.4  amperes  effective  (or 
01  Bi  Fig.  109,  ~  V2),  when  the  machines  were  in  phase.  As 
a  matter  of  fact,  the  impedance  of  each  machine  is  so  small 
that  it  requires  but  very  small  phase  difference  to  allow  one 
machine  to  force  an  enormous  surge  of  current  through  the 
other,  since  it  is  the  e.m.f .  of  each  generator^which  remains 
constant  and  the  current  increases  greatly.  Unless  protected 
by  automatic  devices,  the  machines  may  be  damaged.  Such 
protection  is  afforded  by  an  automatic  circuit-breaker  con- 
nected in  the  leads  between  the  terminals  of  each  generator 
and  the  bus-bars;  also,  by  "current-limiting  reactance  coils." 

From  the  foregoing  it  may  be  seen  that: 

First  The  voltage  across  a  parallel  combination  is  the  same 
as  the  voltage  across  each  branch. 

Second.  The  current  through  a  parallel  combination  equals 
the  vector  sum  of  the  currents  through  the  branches. 

The  Impedance  of  a  parallel  circuit  will  be  taken  up  in  the 
next  chapter. 

It  will  be  seen  that  the  rules  for  the  current  and  voltage 
relations  in  series  and  parallel  combinations  are  the  same 
for  alternating  currents  as  for  direct  currents,  except  that 
whenever  the  word  sum  appears  in  alternating-current  work, 
it  must  be  understood  to  mean  the  vector  sum. 
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Prob.  90-8.  A  choke  coil  carrying  12  amperes  is  put  in  parallel 
with  a  resistance  carrying  6  amperes.  The  current  in  the  choke 
coil  lags  80^  behind  the  current  in  the  resistance.  How  much 
current  does  the  line  feeding  them  carry? 

Prob.  91-3.  In  the  parallel  circuit 
of  Fig.  113,  a-c.  ammeter  As  reads  32 
amperes,  Aj  reads  21  amperes  and  Ai  '      ^ff 

reads  18  amperes.  What  is  the  dif-  ^^  ^^g  Ammeters  A^  and 
f^ence  in  phase  between  currents  ^^  ^^^^  ^^^  ^^^^^  i^ 
through  Ai  and  A^?  the  paraUel  branches  of  the 

Prob.  92-3.  What  is  the  phase  circuit.  Ammeter  A,  meas- 
difference  between  Ai  and  As  in  Prob.       ures  the  resulting  current  '  ^ 

91?  in  the  line. 

Prob.  93-3.    If  the  current  through 
Ai  in  Fig.  113  were  90°  ahead  of  the  current  through  At  and 
these  ammeters  read  20  amperes  each,  what  would  As  read? 

Prob.  94-3.  If  the  current  through  the  a-c.  ammeter  Ai  were 
120°  behind  the  current  through  A2,  and  the  two  ammeters  read 
20  amperes  each,  what  would  anmieter  A3  read? 

Prob.  96-3.  A  circuit  consists  of  three  branches.  Through 
one  branch  flows  an  alternating  ciurent  of  10  amperes.  Through 
the  second  branch  flows  an  alternating  current  of  12  amperes,  lag- 
ging 30°  behind  the  current  in  the  first  branch.  Through  the  third 
branch  flows  a  current  of  8  amperes  leading  the  current  in  the  first 
branch  by  50°.  How  great  is  the  current  through  the  wire  feeding 
the  combination? 

Prob.  9^3.  How  large  will  the  instantaneous  currents  be  in 
the  second  and  third  branches  of  Prob.  95,  when  the  current  in  the 
first  branch  &as  a  value  of  13  amp.? 

33.  Current  in  the  Phases  of  a  Delta-connected  Ma- 
chine. Assume  that  the  three  phases  ABj  BC,  and  CA 
of  the  generator  in  Fig.  114  are  connected  in  delta  as  shown 
and  are  feeding  the  line  wires  1,  2,  3,  to  which  is  attached  a 
three-phase  a-c.  motor.  As  we  have  previously  seen,  when 
a  generator  is  delta-connected  to  the  line,  there  is  the  same 
voltage  across  each  pair  of  line  wires  as  across  each  phase  of 
the  winding.    Let  us  assume  this  to  be  220  volts. 

Let  us  see  how  the  current  in  each  line  wire  compares 
with  the  current  flowing  in  each  phase  of  the  generator, 
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which  we  will  assume  to  be  25  amperes.  Consider  the 
current  in  line  wire  No.  2.  This  wire  is  fed  by  two  currents,' 
from  the  phases  BC  and  CA  in  parallel.  Each  line  wire  on 
any  three-phase  system  may  be  considered  as  a  return  vnre 
for  the  currents  flowing  on  the  other  two  line  wires;    the 


H 


> 
I t 


AC  Generator  A-C  Motor 

FiQ.  114.    The  'phases  of  the  generator  are  connected  in  delta  and 
deliver  current  to  the  line  wires  1,  2  and  3. 

current  flowing  out  from  the  generator  along  one  line  wire 
must  be  equal  in  value  and  of  opposite  phase  to  the  vector 
sum  of  currents  flowing  out  from  the  generator  along  all 
other  line  wires  of  the  system.  In  factj  we  merely  apply  to 
the  point  C  where  line  wire  2  joins  the  phases  BC  and  CA; 
that  one  of  Kirchhoff's  laws  which  states  that,  wherever  any 
niunber  of  conductors  join  at  a  point,  the  sum  of  currents 
flowing  away  from  that  point  must  be  equal  to  the  sum  of 
currents  flowing  toward  the  point.  This  rule  holds  alge- 
braically or  arithmetically  with  regard  to  direct  currents  or 
with  regard  to  instantaneous  values  of  alternating  currents. 
It  also  applies  vectorially  to  efifective  and  maximum  values 
of  alternating  currents. 

Having  chosen  the  positive  directions  foUowng  one  an- 
other all  in  the  same  direction  around  the  delta  as  in  Fig.  115 
(this  being  the  only  way  in  which  each  e.m.f.  can  lead  the 
preceding  one  by  the  same  angle,  namely  120°),  these  arrows 
will  show  also  the  positive  directions  for  currents  in  the 
delta.  Consider  the  usual  case  of  a  *' balanced  load,"  in 
which  the  currents  in  the  various  windings  have  the  same 
phase  difference  as  the  corresponding  e.m.f.'s.  The  current 
flowing  in  line  wire  2  must  be  the  vector  difference  of  the 


SERIES  AND  PARALLEL  CIRCUITS  137 

currents  in  phases  BC  and  CA  of  the  generator.  This  is 
true  regardless  of  which  direction  we  choose  as  positive  in 
the  line  2.  Thus,  suppose  we  choose  the  positive  direction 
in  2  as  outward  from  C,  as  shown  in  Fig.  115;  then,  since 


Fig.  115.  The  arrows  show  the  direction  chosen  as  positive  for  both 
e.m.f.'8  and  currents  in  a  delta-connected  machine  and  leads.  Note 
that  the  positive  direction  in  BC  and  in  the  line  wire  2  are  in  the  same 
direction,  but  that  the  current  in  CA  is  in  the  opposite  direction. 
The  arrows  do  not  indicate  instantaneous  values. 

the  positive  directions  of  the  current  in  CA  and  in  line  2 
are  away  from  C  while  only  that  in  BC  is  toward  C,  it  must 
be  that  the  current  out  along  2  is  equal  to  the  ciu'rent  in 
BC  minus  the  current  in  CA,  The  subtraction  is  by  vec- 
tors, if  effective  (or  maximum)  values  of  current  are  used. 
It  is  by  plain  arithmetic,  if  instantaneous  values  of  current 
are  used.  In  the  latter  case  note  that  the  instantaneous 
current  in  CA  must  nearly  always  be  negative  or  opposite 
to  the  marked  positive  direction,  whenever  the  instantaneous 
current  in  BC  is  positive  or  the  same  as  marked  by  the  arrow 
on  BCf  on  accoimt  of  the  120°  phase  difference  between  CA 
and  BC.  This  means  that  the  instantaneous  current  in  line 
2  must  usually  be  the  numerical  sum  of  the  instantaneous 
currents  in  BC  and  CA,  since  it  is  usually  the  difference  be- 
tween a  positive  and  a  negative  current. 
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The  positive  direction  is  chosen  outward  along  line  2  in 
Fig.  115,  and  the  corresponding  topographic  vector  diagram 
showing  the  derivation  of  resultant  vector  of  current  in  line  2 
is  shown  in  Fig.  116.    The  total  current  out  of  terminal  C 


Fig.  116.    Topographic  vector  diagram.    The  vector  BR  represents 
the  current  delivered  by  the  coil  BC  and  ^IC  to  the  line  No.  2. 


Fig.  117.  The  result  of  considering  the  current  in  line  wire  2  to  have 
its  positive  direction  toward  C,  instead  of  away  from  C  as  in  Fig.  115. 
Note  that  the  current  in  ^C  and  line  2  have  the  same  positive  direction. 

from  the  generator  windings  to  line  2  is  equal  to  the  current 
{B  to  C)  minus  the  current  {C  to  A))  but  minus  (C  to  A)  is 
the  same  as  plus  (A  to  C),  that  is,  the  vector  CA  reversed. 
After  reversing  vector  CA,  we  add  it  to  the  vector  BC  by 
the  topographic  diagram  of  Fig.  116;  the  resultant  BR  rep- 
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resents  the  total  current  delivered  by  the  generator  wind- 
ings out  of  terminal  C  to  line  2,  or  {Ibc  6  Ica)' 

The  current  CA  leads  the  current  in  BC  by  120°  but 
in  the  reversed  direction,  if  we  consider  the  direction  of 
currents  positive  as  marked  in  BC  and  line  2.     Fig.  116  thus 

is  like  Fig.  94cc,  with  which  it  should  be  compared. 

A 


B 


-(B  to  C)s-|>(c  to  B)  C*      "Ca£reut~(C  to'fl^""    R 


! 

Fig.  118.  Topographic  vector  diagram  corresponding  to  Fig.  117,  with 
the  positive  direction  in  line  No.  2  reversed.  AR  represents  the  cur- 
rent in  line  wire  No.  2. 

If  the  positive  direction  is  chosen  inward  from  line  2 
toward  terminal  C,  as  in  Fig.  117,  the  corresponding  vector 
diagram  is  given  in  Fig.  118.  The  resultant  RA  represents 
the  vector  difference  {Ica  Q  Ibc),  which  is  the  total  current 
flowing  away  from  C  withm  the  windings  of  the  generator, 
or  toward  C  from  line  2.  The  resultants  in  Fig.  116  and 
118  both  have  the  same  value  and  the  same  phase  relations 
to  the  currents  in  the  other  parts  of  the  system,  therefore  it 
appears  to  make  no  difference  whatever  which  direction  we 
choose  as  positive  in  a  line  wire. 

From  the  vector  relations  in  Fig.  116  and  118  we  may 
calculate  the  value  of  the  current  passing  between  line  2 
and  terminal  C  as  follows: 

/,«=  (Bi^)^  or  {RAy  =  {CAY  +  {BC)^  +  2  (CA)  (BC)  cos  60^ 

(solving  as  a  parallelogram,  see  Appendix  A) 
or 

7,/(BC)  =  sine  1207sme  30° 

(solving  by  law  of  sines.  Appendix  A), 
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By  either  method,  since  CA  is  numerically  equal  to  BC  for 
a  "balanced  load  *'  such  as  is  assumed  in  this  case  (25  am- 
peres in  each  phase  of  the  generator  winding),  we  arrive  at 
the  result: 

/a  =  V3  {BC)  =  Vs  (Cil)  =  1.73  X  25  =  43.3  amperes, 

or,  in  general,  current  in  each  line  wire  =  V3  X  current  in 
each  phase  of  the  delta.  The  complete  vector  diagram,  show- 
ing relations  of  value  and  phase  for  currents  in  all  parts  of 
the  delta  and  all  line  wires,  is  shown  by  the  topographic 
diagram  in  Fig.  119  and  by  the  polar  diagram  in  Fig.  120. 


Fig.  119.    Topographic   vector   diagram   showing   the   currents  and 
phase  relations  of  the  circuits  in  the  three  line  wires. 

In  each  case  the  positive  direction  of  the  current  in  the 
line  is  ovi  from  the  machine. 

Any  machine  using  more  than  one  phase  is  said  to  be  a 
poljrphase  machine.  When  the  currents  in  all  the  phases  are 
equal,  the  phases  are  said  to  be  balanced. 

The  conditions  of  a  balanced  three-phase  delta-connected 
circuit  are  then: 
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I.  The  voltage  between  any  pair  of  line  wires  equals  the 
voltage  across  one  phase  of  the  generator. 

3.  The  current  in  each  line  wire  equals  V3  times  the  cur- 
rent in  each  phase. 


Fia.  120.    Polar  vector  diagram  corresponding  to  the  topographic 
diagrams  o[  Fig.  IIS. 


Pia.  121.    An  induction  motor  built  by  the  General  Electric  Co, 

Prob.  97-S.  Give  diagram  of  Y  connections  for  generator  in 
Fig.  SI.  Assume  each  phase  to  carry  140  amp.  and  to  muntain  a 
voltage  of  240  volts  across  the  phase  terminals.  Compute  with 
Eud  of  vector  diagrams: 

(a)  Volt^e  between  each  pair  of  line  wires. 

(b)  Current  in  each  line  wire. 
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Prob.  98-3.  From  data  of  Prob.  97  make  a  statement  as  to  a 
balanced  Y  connection  concerning: 

(a)  Relation  of  voltage  between  any  pair  of  line  wires  to  voltage 
across  each  phase. 

(6)  Relation  between  the  current  in  any  line  wire  to  the  current 
in  each  phase. 

Prob,  99-8.  In  the  induction  motor  of  Fig.  121,  the  voltage 
between  leads  is  550  volts  and  each  lead  carries  15  amp.  when  the 
motor  is  running  under  full  load.  If  the  coils  of  the  motor  are 
delta-connected : 

(a)  What  is  the  voltage  across  each  coil? 

(6)  What  current  does  each  coil  of  the  motor  carry? 


t'vij 


v^ 


— t — ll 


^^ 


Fig.  122.  The  current  is  a  maximum  when  the  piston  is  passing 
through  this  position.  The  pressure,  however,  is  a  minimum  as  the 
water  stands  at  the  same  level  in  each  pipe. 

Prob.  100-8.  Assuming  the  same  voltage  between  the  leads 
and  the  same  current  for  each  lead  wire  as  in  Prob.  99,  but  with 
the  motor  coils  Y-connccted: 

(a)  What  is  the  voltage  across  each  coil  of  the  motor? 
(6)  What  is  the  current  through  each  coil  of  the  motor? 

34.  Current  and  Voltage  May  Di£fer  in  Phase.    The 

current  and  the  pressure  are  not  always  in  phase  with  each 
other,  that  is,  they  do  not  always  reach  their  respective 
maximum  values  at  the  same  instant.  This  may  be  illus- 
trated by  the  water  analogies  in  Fig.  122  to  125. 

In  Fig.  122,  the  piston  has  reached  the  mid-position  where 
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4^ 


•^h 


the  crank  is  making  an  angle  of  90^  with  the  line  of  dead 
centers.  Thus  it  is  traveling  at  its  fastest  rate,  and  the 
amount  of  current  is  maximum. 
However,  the  pressure  set  up,  that 
is,  the  difference  in  level  of  the  water 
in  the  stand  pipes,  is  zero.  The  vec- 
tor diagram  of  this  case  is  shown  in 
Fig.  123,  in  which  the  current  vector 
Itn  is  at  the  90^  position  and  has  its 
maximum  instantaneous  value,  while 
the  pressure  vector  (h)  is  at  the  zero 
position  and  has  a  zero  instantaneous 
value. 

In  Fig.  124,  the  piston  has  reached 
the  extreme  left  of  its  stroke,  180° 
from  m,  the  zero  position,  and  is 
therefore,  at  this  instant,  motionless. 
Accordingly,  the  current  is  zero.  But 
the  pressure  {h)  set  up  between  the 
two  stand  pipes  is  at  its  greatest  possible  value.  This  is 
represented  in  Fig.  125  by  the  vector  diagram,  in  which  the 


Fig.  123.  Polar  vector  dia- 
gram for  the  condition 
shown  in  Fig.  122.  The 
instantaneous  value  of 
the  current  /m  is  at  a 
maximum,  while  the  in- 
stantaneous value  of  the 
pressure  h  is  zero. 
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Fia.  124. 


The  current  is  zero,  but  the  pressure  h  has  reached  its 

maximum. 


vector  Im  represents  the  maximum  current  and  (h)  the  max- 
imum pressure.    Note  that  7«  is  at  the  ISO*'  position  and 
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i^ 


r 


has  a  zero  instantaneous  value,  while  A  is  at  the  90^  position 
and  has  a  maximum  instantaneous  value. 
In  each  case  the  current  and  pressure  have  as  great  phase 

difference  as  they  can  ever  get;  that 
is,  one  is  zero  while  the  other  is  at 
y^  its  maximum.    They  are  said  to  differ 

/  in  phase  by  90®,  because  in  going  from 

zero  to  maximum  value  any  alter- 

nating  quantity  goes  through  90**. 

An  alternating  current  of  electricity, 
in  the  same  way,  can  be  as  much  as 
90®  out  of  phase  with  the  voltage 
which  produces  it.  Fig.  126  is  the 
Fig.  125.  The  polar  vec-  sine  curve  representation  of  such  a 
tor  diagram  for  Fig.  124.  case  where  the  current  is  lagging  50® 
The  current  Im  has  be-  behind  the  e.m.f . 
come  ssero,  while  the 
pressure  A  is  at  a  maxi- 


mum. 


Note  that  the  voltage  already  has 
a  value  of  e\  at  50®  when  the  current 
is  zero,  showing  that  the  voltage  is 
50®  ahead  of  the  current.  When  the  voltage  has  its  maxi- 
mum value  En,  the  current  has  a  value  of  ii  only,  etc.    The 


.•.m.f. 


FiQ.  126.    Sine  curve  showing  a  current  /  lagging  50^  behind  the 

electromotive  force  E, 


e.m.f.  reaches  the  maximum  at  90®,  while  the  current  reaches 
a  maximum  when  the  voltage  is  at  the  140®.  Here  again  the 
current  is  50®  late. 
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The  current  and  voltage  of  a  given  part  of  a  circuit  may  be 
represented  on  the  same  vector  diagram,  as  in  Fig.  127,  and 
the  vector  representing  the  current  need  not  even  be  drawn 
to  the  same  scale  as  the  voltage  vector. 


e-lOO 
Vottp 


Fig.  127.    Polar  vector  diagram  for  an  e.m.f.  of  163  volts,  maximum 
leading  a  current  of  3.54  amp.  maximum,  by  80  electrical  degrees. 


'^ 


c^r 


Example  6.    In  a  certain  chgke  coil  the  current  lags  80^  behind 

the  impressed  voltage.    The*^IUrrent  equals  2.5  amp.  and  the 

pressure,  115  volts.    What  instantaneous  value  will  the  current 

have  when  the  voltage  has  an  instantaneous  growing  value  of  100 

volts? 

2.5 
Im=  ?r^  =  3.54  amp. 


Em  = 


0.707 

115 

0.707 


=  163  volts. 


Lay  out.  Fig.  127,  Em  =  163  to  any  scale;   draw  the  perpen- 
dicular e,  the  instantaneous  value,  equal  to  100  volts; 

sin  0  =  {i%  =  0.614, 
4>  =  38**  approx. 

Now  draw  Im  —  3.54  amp.  and  construct  t,  the  instantaneous 
value  of  the  ciurent,  perpendicular  to  the  x  axis. 

Angle  ^  =  80**  -  38**  =  42*^. 
i  =  /to  sin  ^ 
=  3.54  sin  42** 
=  3.54  X  0.669 
=  2.37  amp. 
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Since  i  is  below  the  x  axis,  it  must  be  negative.  Thus  the 
instantaneous  value  of  the  current  equals  —2.37  amp.  (in  a  direc- 
tion opposite  to  the  pressure)  when  the  pressure  has  an  instan- 
taneous growing  value  of  100  volts. 

Prob.  101-8.  In  an  a-c.  circuit  the  ciurent  lags  25**  behind  the 
voltage.  The  maximum  value  of  the  current  is  45  amperes.  What 
is  the  instantaneous  value  of  the  current  when  the  voltage  is  pass-, 
ing  through  75**? 

Prob.  102-8.  The  current  in  an  Src.  circuit  leads  the  voltage 
by  50°  and  has  an  instantaneous  value  of  30  amperes  when  the 
voltage  is  zero.    What  is  the  maximimi  value  of  the  current? 

Prob.  108-8.  (a)  What  is  the  maximum  value  of  the  voltage, 
Prob.  102,  if  the  instantaneous  value  is  400  volts,  when  the  current 
is  at  its  maximum? 

(6)  What  is  the  average  value  of  the  voltage? 

Prob.  104-8.  The  maximum  value  of  an  alternating  voltage 
is  1600  volts,  the  maximum  value  of  the  current  is  70  amperes. 
If  the  instantaneous  growing  positive  value  of  the  current  is  25 
amperes,  when  the  instantaneous  value  of  the  voltage  is  800  volts, 
what  is  the  phase  difference  between  current  and  voltage? 


SUMMARY  OF  CHAPTER  m 

THE  VOLTAGE  ACROSS  A  SERIES  CIRCXnT  equals  the 
vector  sum  of  the  voltages  across  the  parts.  In  the  form  of  an 
equation  this  may  be  written: 

E  =  El  ©  E2  ©  Es  ©  .... 

THE  CURRENT  through  a  series  circuit  is  the  same  in  all 
parts. 

m  A  THREE-WIRE  TWO-PHASE  SYSTEM,  the  voltage 
between  the  outside  wires  equals  the  vector  sum  of  the  voltages 
across  the  phases.    Since  each  phase  is  at  90°  to  the  other,  the 

voltage  between  the  "outside  wires"  equals  \/2  (or  141)  times 
the  voltage  across  one  phase. 

IN  AN  OPEN-DELTA  two  phases  of  a  three-phase  com- 
bination are  joined  in  series,  forming  between  the  terminals  of 
the  series  a  third  phase.  The  voltage  across  this  resultant 
third  phase  equals  the  stun  of  two  equal  voltages  at  iio""  to  each 
other.  This  vector  simi  is  exactly  equal  to  the  voltage  across 
any  phase. 

REVERSING  A  COIL  OR  A  PHASE  in  the  connections  of 
a  transformer  or  a  generator,  reverses  the  direction  of  the 
vector  and  causes  it  to  be  180''  ahead  of  or  behind  its  original 
position. 

IN  PHASING  OUT  an  a-c.  machine,  tests  of  trial  connec- 
tions with  a  voltmeter  will  indicate  whether  or  not  any  coils  or 
connections  are  reversed. 

CLOSED-DELTA  CONNECTION.  When  all  three  coils  of 
a  three-phase  generator  are  connected  in  series,  so  that  the 
voltage  across  any  two  coils  equals  the  voltage  across  each 
phase,  there  will  be  no  voltage  across  the  terminals  of  the 
three  in  series.  It  is,  therefore,  safe  to  join  these  terminals, 
and  though  it  makes  a  closed  ring,  no  current  will  circulate. 
Since  the  diagrammatic  representation  of  coils  so  connected 
resembles  the  Greek  letter  A  (delta),  this  method  is  com- 
monly called  the  DELTA  CONNECTION.  To  distinguish  it 
from  the  OPEN-DELTA,  this  is  often  called  a  CLOSED-DELTA 
connection. 
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STAR  OR  Y-CONNECTION.  When  the  three  phases  of 
a  three-phase  machine  are  so  joined  to  a  common  (neutral) 
point,  that  between  any  two  line  terminals  are  two  phases  only 
of  the  machine  and  these  are  in  series,  the  phases  are  said  to 
be  star  or  Y-connected. 

«  The  voltage  between  line  terminals  is  equal  to  V3  times  the 
voltage  across  each  phase. 

The  current  in  each  line  wire  is  the  same  as  the  current  in 
each  coil  of  the  armature. 

THE  VOLTAGE  ACROSS  A  PARALLEL  COMBINATION 
is  the  same  as  the  voltage  across  each  branch.  The  current 
through  a  parallel  combination  equals  the  vector  sum  of  the 
currents  through  the  branches.  In  the  form  of  an  equation 
this  may  be  written: 

I  =  Ii  ©  I2  ©  Ii  ©  •  •  .  . 

TWO  A-C.  GENERATORS  with  same  terminal  voltage  to 
be  nm  in  parallel  must  be  in  phase  and  in  step  or  in  s3mchron- 
ism.  This  is  owing  to  the  large  local,  circulating  currents 
which  they  would  exchange,  if  out  of  phase,  due  to  the  result- 
ant voltage  caused  by  phase  difference  of  e.m.f.'s  in  the  circuit 
of  the  two  armatures. 

THE  CURRENT  IN  EACH  LINE  WIRE  of  a  balanced 
3-phase  A-connected  system  is  the  vector  sum  of  the  currents 

in  two  PARALLEL  coils  and  is  equal  to  V3  times  the  current  in 
any  coil. 

The  voltage  across  any  pair  of  the  line  wires  is  the  voltage 
across  a  series  connection  of  two  of  these  coils  which  differ 
120°  in  phase  and  exactly  equals  the  voltage  across  a  single 
coil. 

THERE  MAY  BE  AS  GREAT  A  PHASE  DIFFERENCE 
AS  90°  between  an  alternating  current  and  the  voltage  which 
causes  it  to  flow.  A  current  which  reaches  its  positive  maxi- 
mimi  value  later  than  the  voltage  reaches  its  positive  maximum 
value  is  said  to  lag  behind  the  voltage. 


PROBUMS  ON  CHAPTER  m 

m 

Draw  rough  sine  curves,  approximate  vector  diagrams,  and 
write  the  equations  for  all  problems.  Wherever  it  is  possibloi 
the  electrical  connections  should  also  be  drawn. 

Prob.  105-8.  A  choke  coil  and  a  field  rheostat  are  joined  in 
series.  The  current  through  the  combination  is  2  amperes.  The 
impedance  of  the  combination  is  56  ohms.  .What  is  the  voltage 
across  the  combination?         ^        /     -  -  ^  '  •     ^     // 

Prob.  106-3.  The  voltage  across  the  choke  coil  in  Prob.  105  is 
very  nearly  90^  ahead  of  the  voltage  across  the  field  resistance; 
the  impedance  of  the  choke  coil  on  this  circuit  is  20  ohms.  What 
is  the  voltage  across  the  choke  coil?  ^  ^" 

Prob.  107-3.  What  is  the  voltage  across  the  field  resistance  in 
Prob.  106. 

Prob.  103-8.  What  is  the  impedance  of  the  field  resbtance  in 
Prob.  106?  ^ 

Prob.  109-8.  What  will  be  the  instantaneous  voltage  across 
the  choke  coil  in  Prob.  106,  at  the  instant  when  the  voltage  across 
the  field  rheostat  is  50  volts? 

Prob.  110-8.  (a)  What  is  the  difference  of  phase  between  the 
voltage  across  the  rheostat  and  the  voltage  across  the  combination 
of  Prob.  106. 

(6)  Between  the  voltage  acroq^  the  choke  coil  and  the  voltage 
across  the  combination? 

Prob.  111-8.  In  a  special  alternator  built  for  laboratory  pur- 
poses, both  terminals  of  each  of  6  coils  are  brought  out  separately 
as  in  Fig.  128. 

ilafie  leads  A^B^  by  SO"*. 

A^Bi  leads  ^4^4  by  SO"*. 

AiBi  leads  AzBt  by  SO"*. 

AiBt  leads  A^Bt  by  d(f. 

AtBi  leads  AiBi  by  30**. 

E.m.f .  of  each  coil  is  100  volts, 
find  voltages  across  all  possible  series  combinations  of  AiBi 

and  AJBt* 
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Prob.  112-3.  Draw  rough  sine  curves  for  each  component  and 
resulting  e.m.f.  of  Prob.  111.  Wliat  is  the  phase  difference  be- 
tween the  resultant  and  AiBi,  Fig.  128,  in  each  case? 

Prob.  118-8.  Find  voltages  across  all 
possible  series  combinations  of  Ai^i  and 
AiBi  of  generator  in  Prob.  111.  State 
phase  difference  between  the  resultant 
and  AiBi, 

Prob.  114-8.  Find  voltages  across 
all  possible  series  combinations  of  Ai^i 
and  ^4^4  of  generator  in  Prob.  111. 
State  phase  difference  between  resultant 

Fig.  128.  A  special  arc.  gen-  *   ** 

erator  with  both  terminals  ^'O^-  l^*^^-  Find  resultant  e.m.f. 
of  each  of  the  six  coils  across  the  series  combination  of  AiB,, 
brought  out  as  marked.       ^^h  and  A,5,  of  generator  in  Prob. 

Ill,  with  AzBi  leading  A2B2,  and  A^Bt 

leading  AiB\,    State  phase  difference  between  resultant  and  A\B\, 

Prob.  116-8.  Find  resultant  of  series  combination  of  the  coils  of 
Prob.  115,  if  A4B4  is  added.  ^4^4  leads  AzB%^  which  leads  AJBiy 
which  leads  AiB\,  State  the  phase  difference  between  the  resultant 
and  A\B\,    ^ 

Prob.  117-8.  What  will  be  the  instantaneous  value  of  the  re- 
sultant e.m.f.  in  Prob.  116  when  the  instantaneous  value  of 
the  e.m.f.  across  AiBi  is  50  volts. 

Prob.  118-8.  What  will  be  the  instantaneous  value  of  the 
resultant  e.m.f.  in  Prob.  116  when  the  instantaneous  value  of 
the  e.m.f.  across  A^Bt  is  50  volts? 

Prob.  119-8.  What  would  be  the  resultant  voltage  across  the 
series  combination  of  Prob.  116  if  coil  AzBt  were  reversed? 

Prob.  120-8.  What  would  be  the  instantaneous  value  of  the 
voltage  across  coil  A^Bi  of  Prob.  119  when  the  resultant  instanta- 
neous voltage  was  25  volts? 

Prob.  121-8.  If  in  the  series  combination  of  Prob.  1 15,  ArBi  is 
reversed,  what  will  be  the  voltage  across  the  combination?  State 
phase  difference  between  the  resultant  voltage  and  the  voltage 
across  A\B\. 

Prob.  122-8.  If  iti  the  combination  of  Prob.  115,  both  A2B2 
and  AiBz  were  reversed,  what  would  be  the  resultant  voltage  across 
the  combination  and  what  would  be  the  phase  difference  between 
it  and  the  voltage  across  AiBi? 
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Prob.  123-3.  What  will  be  the  value  of  the  voltage  in  coil 
AiBi  of  Prob.  121  when  the  resultant  voltage  has  an  instantaneous 
value  of  100? 

Prob.  124-3.  What  will  be  the  instantaneous  voltages  across 
each  part  of  the  series  circuit  of  Prob.  115,  when  the  instantaneous 
value  of  the  resultant  voltage  is  zero? 

Prob.  12&-3.  In  the  series  circuit  of  Prob.  115,  the  coil  Agft  is 
reversed  by  accident.  What  voltage  will  there  be  across  the  com- 
bination? 

Prob.  126-3.  What  is  the  voltage  across  a  series  combination 
of  two  parts,  if  the  voltage  across  the  first  part  is  85  volts  and 
across  the  second  part  is  115  volts?  The  phase  difference  between 
the  two  parts  of  the  circuit  is  40°. 

Prob.  127-3.  The  current  in  the  series  circuit  of  Prob.  126  is  8 
amperes  and  is  in  phase  with  the  voltage  of  the  first  part.  What 
is  the  phase  difference  between  the  current  and  the  voltage  across 
the  combination? 

Prob.  128-3.  Assume  the  e.m.f.  across  each  phase  of  Fig.  62  to 
be  220  volts.  If  the  phases  were  connected  at  central  point  instead 
of  ends  as  in  Fig.  67,  what  would  be  the  voltage  between  the  points 
AA'l 

Prob,  12^3.  When  the  terminals  of  the  3-phase  generator 
shown  in  Fig.  100  are  connected,  (a)  to  (oi)  and  to  (02),  it  is  star- 
connected  and  the  voltage  across  each  pair  of  terminals  is  380  volts. 
Phases  are  balanced.  Show  how  you  would  connect  the  same  leads 
to  make  a  closed-delta  connection  and  state  what  the  voltage  would 
be  across  each  phase. 

Prob.  130-3.  (a)  Show  diagram  of  connections  for  two  ways 
in  which  the  special  generator  of  Prob.  111-3  can  be  connected  in 
A  as  a  three-phase  machine.     Use  but  three  coils  in  each  case. 

(6)  Compute  voltage  across  terminals  of  machine  so  connected. 

Prob.  131-3.  Show  diagram  of  connections  for  two  ways  in 
which  the  generator  of  Prob.  111-3  can  be  connected  in  star  as  a 
three-phase  generator,  using  but  three  coils  in  each  case.  Com- 
pute the  voltage  across  the  terminals  of  the  machine  so  connected. 

Prob.  132-3.  (a)  Using  all  six  coils  of  generator  in  Prob.  111-3, 
show  diagram  of  connections  for  use  as  a  three-phase  A-connected 
generator. 

(6)  Compute  voltage  across  the  terminals  of  the  machine  so 
connected. 


152 


ALTERNATING-CURRENT  ELECTRICITY 


Prob.  lSS-3.  The  current  flowiDg  in  each  lead  wire  of  genent- 
tor  in  Prob.  132-3  when  A^onnected  is  56  amperes.  What  current 
flows  in  each  coil  of  the  machine? 

Prob.  134^8>  What  current  would  flow  in  each  line  wire  if  the  gen- 
eratorofProb.  133-3  were  Y-«onnected?  Assume  that  the  same  cur- 
rent flows  in  each  coil  whether  the  generator  is  A-  or  ¥-connected. 


phase  with  the  voltage 
not  balanced. 


Prob.  130-3.  If  each  lamp  in  Hg.  129  takes  a  current  of  5 
amperes  which  is  in  phase  with  the  voltage  across  it,  what  current 
flows  in  each  line  wire?  The  generator  ^vcs  correct  three-phase 
e.m.f.'a. 

Prob.  1S6-S.  In  place  of  the  lamps  of  Group  III  of  Prob.  135, 
connect  a  single-phase  induction  motor  taking  a  current  of  30 
amperes  which  lags  50°  behind  the  voltage  across  it.  Compute 
the  current  in  each  line  wire. 

Prob.  137-8.  In  place  of  the  lamps  of  Group  II  of  Prob.  135, 
connect  a  single-phase  synchronous  motor  taking  a  current  of  20 


Fig.  130.    A  star-delta  starting  switch.    TtTimbull'Vartderpoei  Co. 

amperes  which  leads  the  voltage  across  it  by  35°.     Compute  the 
current  in  each  line  wire. 

Prob,  138-3.  In  place  of  the  lamps  of  Group  III  in  Prob.  135-3, 
connect  induction  motor  of  Prob.  136-3.  In  place  of  Group  11, 
connect  synchronous  motor  of  Prob.  137.  Compute  current  in 
each  line  wire. 
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Prob.  18^8.  Fig.  130  shows  a  star-delta  switch,  used  for  con- 
necting the  coils  of  a  three-phase  induction  motor  in  Y  for  starting, 
and  then  by  throwing  the  switch  to  put  the  coils  in  A  for  running. 
Draw  a  diagram  of  the  connections  of  this  switch  showing  how  this 
may  be  accomplished.  Of  course,  both  ends  of  each  coil  of  the  motor 
must  be  available. 

Prob.  14(K-8.  (a)  Show  diagram  of  connections  of  generator 
in  Prob.  111-3  as  a  Y-connected  three-phase  generator  using  all 
six  coils. 

(6)  Compute  terminal  voltage  across  the  machine  so  connected. 


CHAPTER  IV 
POWER  AND  POWER-FACTOR 

36.  Current  in  Phase  with  Voltage.  To  find  the  power 
(watts)  delivered  by  a  direct-current  generator  we  multiply 
the  terminal  pressure  (volts)  by  the  current  delivered  (am- 
peres). However,  most  direct-current  generators  are  sup- 
plying power  to  Ughting  circuits  and  machines,  which  take 
a  varying  amount  of  current  during  the  day.  When  it  is 
desired  to  know  the  average  watts  delivered  by  such  a 
machine  for  a  day,  one  method  is  to  take  instantaneous 
voltmeter  and  ammeter  readings  simultaneously  at  regular 
short  intervals  of  time  for  the  cycle  of  one  day  of  24 
hours.  By  multiplying  together  these  corresponding  in- 
stantaneous readings  of  current  and  pressure,  the  power  in 
watts  taken  at  these  instants  is  computed.  By  averaging 
these  instantaneous  values  of  the  power  determined  at  reg- 
ular inter\^als,  the  average  watts  delivered  by  the  generator 
is  found. 

In  each  single  circuit  of  a  system  carrying  alternating 
current,  the  power,  or  the  flow  of  electrical  energy  per  unit 
time,  is  varying  from  instant  to  instant  as  the  pressure  and 
current  change  in  value  and  alternate  in  direction;  but  we 
can  find  the  effective  power  or  average  rate  of  energy  flow, 
by  a  manner  exactly  similar  to  that  employed  for  the  vary- 
ing direct  current.  The  power  that  is  flowing  between  two 
points  in  a  circuit  at  any  instant  can  be  found  by  multiplying 
the  current  at  that  instant  by  the  pressure  at  that  instant, 
between  these  points.  This  is  true  whether  the  current  is 
direct  or  alternating,  steady  or  varying. 
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In  the  form  of  an  equation,  this  may  be  stated 

where 

p  =  power     at  given  instant,  in  watts, 

i  =  current  at  given  instant,  in  amperes, 

e  =  pressure  at  given  instant,  in  volts. 

For  illustration,  let  us  consider  first  the  easier  case  of  a 
direct-current  generator  of  which  the  changes  in  power  are 
not  so  rapid. 

Fig.  131  shows  the  curves  of  volts  and  amperes  delivered 
by  such  a  machine  for  the  cycle  of  one  day  of  24  hours. 
These  data  are  from  an  actual  case  where  the  generator  was 
used  to  supply  power  to  a  hotel.  The  corresponding  curve 
of  power  is  plotted  in  the  same  diagram,  the  value  of  each 
point  on  it  being  the  product  of  the  volts  and  amperes  at 
the  same  instant,  as  found  from  the  other  two  curves. 

Thus  the  value  of  the  power  (p)  at  the  instant  6  o'clock 

P.M.  equals  the  product  of  the  amperes  (i)  at  6  p.m.  by  the 

volts  (e)  at  6  p.m. 

From  the  curve 

i  =  380, 

6  =  220, 

p  =  380  X  220 

=  84,000  watts. 

Similarly,  the  instantaneous  value  of  the  power  (pi)  delivered 
at  10  p.m.  equals  the  product  of  the  voltage  (ci)  at  10  p.m.  by 
the  current  (ii)  at  10  p.m. 

ii  =  355, 
ei  =  220, 
pi  =  355  X  220 

=  78,100  watts. 

The  average  of  all  the  instantaneous  values  of  the  power 
plotted  on  this  power  curve  at  equal  short  intervals  of  time 
equals  nearly  54,000  watts  and  represents  the  average  power 
delivered  by  the  generator  for  a  cycle  of  1  day  of  24  hours. 
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Fia.  131.  The  curve  marked  "  Power"  repreBents  the  power  taken  by 
a  hotel  from  noon  to  noon.  Each  point  on  this  curve  ia  a  product  of 
the  corresponding  values  on  the  voltage  nnd  current  curves  for  the 
same  hotel.    The  average  power  equals  nearly  54  kilowatts. 
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Similarly,  in  an  alternating-current  generator  we  have  a 
machine  which  delivers  a  current  varying  in  value,  and  at  a 
varying  pressure.  The  fact  that  a  cycle  in  this  case  repeats 
itself  many  times  a  second  rather  than  once  in  24  hours, 
and  that  the  amperes  and  volts  vary  through  great  ranges 
in  this  exceedingly  short  interval  of  time,  does  not  affect  in 
the  slightest  degree  the  method  of  computing  the  power  at 
any  instant  which  we  may  choose. 

The  power  which  is  being  delivered  at  any  instant  is  always 
equal  to  the  pressure  at  that  instant  multiplied  by  the  cur- 
rent at  that  instant,  that  is, 

p  =  ie. 

So  if  we  draw  the  curve  for  current  and  the  corresponding 
curve  for  pressure  for  any  length  of  time,  we  can  find  the 
power  at  any  number  of  instants  by  merely  multiplying 


Fio.  132.  The  curve  marked  P  is  the  product  of  the  curves  of  voltage 
E  and  of  current  I,  and  represents  the  power  delivered  hy  an  al- 
ternating current  and  voltage. 
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simultaneous  values  of  current  and  pressure.  Suppose  we 
consider  first  a  generator  in  which  the  current  delivered  is 
in  phase  with  the  voltage  across  the  terminals,  and  plot  the 
amperes  and  the  volts  for  the  time  of  one  cycle.  The 
curve  Ej  Fig.  132,  represents  the  values  of  the  volts  for  that 
space  of  time,  and  /  the  values  of  the  amperes. 
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The  corresponding  values  of  the  watts  would  be  repre- 
sented by  the  curve  P,  on  which  every  point,  as  for  instance, 
(jpl)  equals  the  product  of  (e),  the  value  of  the  volts  at  that 
instant,  times  (i)  the  value  of  the  amperes  at  the  same 
instant. 

The  fact  that  at  certain  instants  the  volts  and  amperes 
are  negative  makes  no  difference  where  current  and  voltage 
are  in  phase,  because  the  power  (volts  X  amperes)  is  always 
positive,  since  the  volts  and  amperes  become  negative  at 
the  same  instant  and  the  product  of  two  negative  quantities 
is  always  positive. 

The  average  of  all  these  values  of  the  power  in  Fig.  132 
would  be  the  average  power  delivered  during  the  cycle,  and 
might  be  represented  by  the  dash  line. 

This  average  power  is  found  to  be  equal  to  one-half  the 
greatest  instantaneous  power.  This  can  easily  be  verified  by 
solving  Prob.  2-4:.  Also  in  Fig.  132,  note  that  the  power 
loops  above  the  "  average-power ''  line  will  just  fill  the  spaces 
left  below  this  line.  The  greatest  instantaneous  value  of  the 
power  equals  the  product  of  the  maximum  volts  times  the 
maximum  amperes. 

where  P  =  average  power  in  watts, 

Itn  =  maximum  current  in  amperes, 
Em  =  maximum  pressure  in  volts. 

Since  we  measure  the  pressure  and  current  in  effective 
values,  it  is  usual  to  employ  these  in  the  formula: 

I 


/,.= 


E^^ 


0.707 ' 

E 
0.707' 


p-ixj^x   ^ 


that  iSy 


2  '"  0.707  ""  0.707 ' 
P^IE. 
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Thus  the  average  value  of  the  power  delivered  by  a  smgle- 
phase  alternating-current  generator,  when  the  current  and 
pressure  are  in  phase,  equals  the  product  of  the  eflfective 
amperes  times  the  effective  volts. 

Example  1.  What  power  is  a  single-phase  a-c.  generator  deliv- 
ering when  it  maintains  a  pressure  of  550  volts  and  delivers  a  current 
of  40  amperes  in  phase  with  the  voltage? 

P  =  IE 
=  550X40 
=  22,000  watts. 
=  22kw. 

Prob.  1-4.  Plot  the  following  curves  accurately  on  the  largest 
sheet  of  coordinate  paper  available,  and  to  as  large  a  scale  as  the 
sheet  will  admit,  putting  all  curves  on  same  sheeet: 

(a)  One  cycle  of  a  sine  curve  of  alternating  voltage  erf  110  volts 
effective  value. 

(6)  One  cycle  of  a  sine  curve  of  alternating  current  of  2  amperes, 
in  phase  with  the  voltage. 

(c)  The  curve  representing  power  which  this  voltage  and  am- 
I)erage  delivers. 

Prob.  2-4.  Find  the  average  value  of  the  power  in  Prob.  1  by 
means  of  a  planimeter,  or  by  averaging  at  least  40  values  of  instan- 
taneous power  taken  from  the  curve  at  equal  intervals  throughout 
the  cycle.  Compare  this  value  of  the  average  power  with  the 
values  as  computed  by  both  of  the  equations,  P  =  lE^  and  P  = 
\  ImEm-    Accoimt  for  any  difference. 

Prob.  3-4.  A  circuit  has  an  alternating  current  of  2.8  amperes 
flowing  through  it  in  phase  with  the  pressure,  which  is  110  volts. 
How  much  power  is  consumed  by  the  circuit? 

Prob.  4r-4.  What  is  the  maximum  power  consumed  by  the 
circuit  in  Prob.  3?  What  is  the  minimum  power  consumed  by 
this  circuit? 

Prob.  ^-4.  The  current  taken  by  a  transformer  is  14.2  amp. 
The  voltage  across  the  terminals  is  2300  volts,  and  is  practically  in 
phase  with  the  current.    What  power  does  the  transformer  take? 

Prob.  6-4.  In  testing  a  single-phase  a-c.  generator  which  was 
maintaining  a  pressure  of  2200  volts,  it  was  found  by  means  of  a 
wattmeter  to  be  delivering  400  kw.  If  the  current  was  in  phase 
with  the  pressure,  how  many  amperes  was  the  generator  delivering? 
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Prob.  7-4.  What  instantaneous  power  would  the  generator  of 
Prob.  6  be  delivering  when  the  voltage  had  passed  40°  beyond  its 
zero  value? 

Prob.  8-4.  Suppose  the  flow  of  water  from  the  pump  illus- 
trated in  Fig.  9  to  12  to  vary  harmonically  and  to  have  a  maximum 
value  of  100  gal.  per  minute,  and  frequency  of  50  cycles  per  min- 
ute. Neglecting  the  inertia  reaction  of  the  water^  consider  that 
the  frictional  resistance  amounts  to  100  lbs.  per  square  inch  on 
the  piston  at  maximiun  rate  of  flow  and  varies  in  exact  propor- 
tion to  the  rate  of  flow,  or  water  current.  Draw  to  suitable  scales 
the  curves  representing  current,  pressure,  and  power  delivered  by 
the  piston  for  one  complete  cycle.  Calculate  average  power  in  foot- 
pounds per  minute,  and  the  equivalent  horse  power  and  kilowatts. 
(Delivery  of  one  pound  of  water  against  a  pressure  of  one  pound 
per  square  inch  requires  the  same  work  as  to  lift  this  pound  of 
water  through  a  height  of  2.31  feet.) 

Prob.  9-4.  The  velocity  of  the  piston  in  Fig.  9  to  11  varies 
harmonically  (sine  curve  between  velocity  and  time),  and  has  an 
average  value  of  60  feet  per  minute.  The  force  exerted  on  the 
piston  is  exactly  proportional  to  the  velocity  at  every  instant,  the 
average  force  throughout  each  stroke  being  10,000  lbs.  The  piston 
makes  100  strokes  per  minute.  Draw  curves  to  suitable  scales, 
with  velocity,  force,  and  power  deUvered  at  the  piston  as  ordinates, 
and  time  (in  seconds)  as  abscissas.  Calculate  the  average  power 
(foot-pounds  per  minute),  using  one  complete  cycle. 

36.  Power  with  Current  at  90*"  to  Voltage.  We  have 
seen  that  there  may  be  a  phase  difference  as  great  as  90** 
between  the  current  delivered  by  an  a-c.  generator  and  the 
voltage  between  the  terminals  of  the  machine. 

In  determining  the  average  power  delivered  by  the  ma- 
chine when  there  is  a  phase  difference  between  the  voltage 
and  the  current,  let  us  start  with  the  extreme  case  of  a 
phase  difference  of  90®.  We  proceed  exactly  as  we  did  when 
the  current  and  voltage  were  in  phase.  The  current  curve 
and  the  voltage  curve  for  one  cycle  are  drawn,  and  the  instan- 
taneous power  is  computed  for  enough  points  to  determine 
the  power  curve.  Fig.  133  shows  the  ciu-rent  curve  /  lag- 
ging 90®  behind  the  voltage  curve  E.  Every  point  on  the 
power  curve  P  has  its  ordinate  equal  to  the  product  of 
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corresponding  values  of  the  current  and  voltage;  thus  the 
value  —  p  equals  —  i  (the  value  of  the  current  at  that  in- 
stant) times  +6  (the  value  of  the  voltage  at  the  same  in- 
stant). 

Note  the  fact  that  there  are  two  power  loops,  B  and  D, 
where  the  power  is  negative,  since  all  the  values  of  the  in- 
stantaneous power  here  are  the  product  of  a  positive  current 
times  a  negative  voltage  or  vice  versa.  Now  since  the  posi- 
tive values  of  power  represent  the  power  being  delivered  by 
the  generator,  the  negative  values  must  represent  power 
which  is  being  returned  to  the  generator.  Therefore,  in  com- 
puting the  average  power  delivered  by  the  generator  during 
one  cycle,  we  must  subtract  these  negative  loops  (or  power 
returned)  from  the  positive  loops  (or  power  delivered)  in 
order  to  get  the  real  or  net  power  delivered. 


Fig.  133.  The  heavy  line  represents  the  power  delivered  by  an  alter- 
nating voltage  and  current  when  the  current  lags  90*^  behind  the 
voltage.  Note  that  the  negative  power  loops  B  and  D  are  exactly 
equal  to  the  positive  power  loops  A  and  C. 

But  in  Fig.  133  it  will  be  seen  that  the  negative  loops  are 
of  the  same  size  as  the  positive  loops.  Thus,  in  this  case, 
where  I  and  E  have  90°  phase  difference,  the  circuit  gives 
back  to  the  generator  during  one  quarter-cycle  all  the  power 
which  it  received  during  the  preceding  quarter-cycle,  and 
the  power  consumed  by  the  circuit  is,  therefore,  zero. 

If  the  mathematical  expression  for  instantaneous  power  (i  X  e)  is 
given  a  positive  sign  when  electrical  energy  is  flowing  out  of  the 
dynamo  into  the  external  circuit  joining  its  terminals,  then  a  nega- 
tive sign  before  the  expression  for  power  (— i  Xe)  would  mean  that 
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the  flow  of  energy  at  that  instant  is  in  the  opposite  direction,  or 
out  of  the  external  circuit  into  the  dynamo.  Hence,  if  +ie  indicates 
generator  action  of  the  dynamo,  then  —  ie  indicates  motor  action. 
In  general,  any  machine  (either  mechanical  or  electrical)  which  is 
producing  a  force,  is  giving  out  positive  power  when  the  movement 
is  in  the  same  direction  as  this  force,  and  it  is  giving  out  negative 
power,  or  is  taking  in  power,  when  the  movement  is  in  a  direction 
opposite  to  this  force.  Whether  a  given  portion  of  circuit  (carry- 
ing either  direct  current  or  alternating  current)  receives  power  or 
delivers  power  depends  not  alone  upon  the  direction  of  current  in 
that  portion  nor  alone  upon  the  direction  of  e.m.f .  across  that  por- 
tion, but  upon  the  relation  between  these  directions;  the  numerical 
value  of  the  power  in  either  case  will  be  at  every  instant  equal 
to  the  product  of  the  instantaneous  values  of  volts  and  amperes 
for  that  portion  of  the  circuit. 

In  the  diagram  of  the  pump,  Fig.  124,  where  the  pressure 
is  always  90°  out  of  phase  with  the  current,  it  can  be  seen 
that  in  total  no  power  is  delivered   by  the  pu^lp.    The 

water  forced  up  in  either  stand- 
pipe  merely  uses  the  pressure 
thus  produced  to  help  force  the 
piston  back  again,  thus  returning 
to  the  pump  all  the  energy  given 
out  by  it. 

Accordingly,   it   is   reasonable 
to  expect,  as  the  above  curv-es 
prove,  that  in  the  case  of  an  elec- 
tric current  90°  out  of  phase  with 
the  voltage,  all  the  energy  is  being 
Fig.  134.    A  wattmeter  for  returned  by  the  circuit  as  fast  as 
measuring  power  in  an  elec-   it  is  received.     A  wattmeter  such 
trie  circuit.     In  this  ca^e  the   ^  -^^  pj      ^34  pj^^^j  -^^  ^^^^  ^  ^j^, 
power  consumed  by  the  coil        .^     ,  .,  1.1 

X  is  being  measured.  <="!'  ^hows  the  same  result,  by 

reading  zero.  The  voltage  across 
the  coil  X  sends  a  slight  current  in  phase  with  itself  through  the 
movable  coil  V  of  the  wattmeter.  All  the  current  through 
the  coil  X  goes  through  the  stationary  field  coils  C-C  of  the 
wattmeter.     Now,  if  the  voltage  is  90°  out  of  phase  with  the 
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current,  the  current  through  the  coil  V  must  be  90^*  out  of 
phase  with  the  current  through  the  field  coils  C-^,  So  when 
the  current  in  the  movable  coil  F  is  at  its  maximum,  there 
is  no  current  in  the  field  coils,  thus  no  moving  force;  and 
when  the  current  in  the  field  coils  C-C  is  at  its  maximum 
^  there  is  no  current  in  the  movable  coil  F,  and  again  there  is 
no  moving  force.  In  the  interval  (equal  to  one  quarter  period) 
between  these  two  instants  there  is  a  slight  moving  force  one 
way;  but  during  the  next  quarter  period  (^J^  of  a  second 
on  a  60-cycle  circuit),  there  is  an  equal  force  in  the  opposite 
direction  as  the  power  is  being  returned  in  the  opposite  direc- 
tion through  the  circuit.  These  time  intervals,  and  pulses 
of  power,  are  of  such  short  duration  that  the  needle  cannot 
have  time  to  be  deflected,  and  thus  reads  zero.  If  a  watt- 
meter could  be  used  which  could  deflect  fast  enough  in  each 
direction,  it  would  deflect  alternately  and  equally  in  both 
directions,  showing  that  as  much  power  was  being  returned 
to  the  generator  as  was  being  sent  out  by  it. 

The  average  power  consumed  in  a  circuit  where  the  voltage 
is  at  90°  to  the  current  is,  therefore,  always  zero. 

Prob.  10-4.  Following  directions  in  Prob.  1,  construct  the  sine 
curves  for  an  alternating  current  of  two  amperes  lagging  90^  be- 
hind an  alternating  voltage  of  110  volts.  Draw  power  curve  on 
same  sheet  for  this  case. 

Prob.  11-4.  Find  the  average  value  of  both  the  positive  and 
negative  power,  as  directed  in  Prob.  2.  Show  that  no  power  is 
being  delivered  if  a  generator  is  delivering  this  current  at  this 
voltage  with  a  phase  difference  of  90®  between  them. 

Prob.  12-4.  In  Fig.  46  and  47,  the  stroke,  or  distance  traveled 
by  each  piston  between  opposite  dead-centers,  is  1  foot;  the  area 
of  piston  A  is  one  sq.  ft.  and  of  piston  B^  two  sq.  ft.  The 
maximum  head  h  produced  as  in  Fig.  47  is  10  feet.  The  crank 
makes  30  revolutions  per  minute.  Using  time  in  seconds  as  ab- 
scissa, draw  curves  with  pressure  {hy  in  feet)  and  rate  of  flow 
(pounds  of  water  per  second  out  of  one  standpipe  into  the  other)  as 
ordinates.  For  instants  -^  second  apart  throughout  one  cycle  cal- 
culate, from  current  and  pressure  curves  or  equations  representing 
them,  the  horse  power  delivered  by  or  to  each  piston,  and  draw 
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the  curve  of  power,  representing  it  as  positive  from  piston  to  water 
and  negative  from  water  to  piston.  Neglect  all  frictional  resist- 
ances and  inertia  reaction,  and  assume  that  the  only  force  over- 
come by  the  pistons  is  that  due  to  the  ''head''  in  the  standpipes. 
Explain  fully  the  meaning  of  these  power  curves,  and  calculate 
average  horse  power  of  each  cylinder. 

37.  Power-factor.  Let  us  now  investigate  the  case 
when  the  current  and  voltage  differ  by  any  angle  less  than 
90°.  We  can  proceed  exactly  as  we  did  when  they  were  in 
phase  or  Wf  out  of  phase.    Fig.  135  shows  the  current  curve 


'Power 


Fig.  135.  The  current  /  lags  &*  behind  the  voltage  E.  Note  that 
powsr  delivered  equals  the  difference  between  the  positive  power 
loops  A  and  C  and  the  negative  power  loops  B  and  D. 

I  lagging  B  degrees  behind  the  voltage  curve  E,  Every 
point  on  the  power  curve  P  is  found  by  multiplying  together 
the  corresponding  values  on  the  current  and  voltage  curves. 
Thus,  the  value  (p)  at  any  chosen  instant  is  the  product  of 
the  values  of  (e)  and  (i)  at  that  instant.  Note  that  here 
again  there  are  two  power  loops,  B  and  D,  which  are  negative, 
though  here  they  are  smaller  than  the  two  positive  loops 
A  and  C  The  average  power  delivered  by  the  generator 
will,  therefore,  be  positive,  but  less  than  that  represented  by 
the  two  positive  loops,  since  we  must  subtract  from  it  the 
amount  represented  by  the  negative  loops. 

This  average  value,  represented  by  the  dash  line,  must 
thus  be  less  than  the  average  value  of  the  positive  loops. 
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and  no  longer  equal  to  the  product  of  the  effective  volts  by 
the  effective  amperes. 

The  numerical  value  of  this  average  power  may  be  arrived 
at  as  follows: 

When  the  current  and  voltage  are  in  phase,  the  average 
power  equals  the  effective  current  times  the  effective  pressure. 

When  they  are  out  of  phase, 
the  current  may  be  thought 
of  as  made  up  of  two  compo- 
nents, one  in  phase  with  the 
voltage  and  one  at  90^  to  the 
voltage. 

Of  course,  there  can  never  Fwl36.  The  current  through  the 

u  XL  X  £1  ammeter  A  is  the  vector  sum  of 

be  more  than  one  current  flow-      .,  ,  ,,        .    .       ,  , 

.  the  currents  through  Ai  and  Aj. 

mg  through  one  part  of  a  cir- 
cuit at  a  time,  but  we  have  seen  how  one  current  may  be 
the  resultant  of  two  or  more  currents  in  various  phase  rela- 
tions to  one  another.  For  instance, 
there  is  one  current  only  through  the 
ammeter  A  in  Fig.  136,  but  it  is  made 
up  of  the  currents  through  ammeters 
Ai  and  A2.  If  Ai  reads  40  amp.  and 
A2  reads  60  amp.  and  the  phase  dif- 
ference between  them  is  90**,  then  by 
the  vector  diagram,  Fig.  137,  we  see 
that  the  current  A  then  can  be  found 
as  follows: 

A       =       Ai®     Afy 

A^  =  Ai»  +  A2\      * 
A  =  VAi"  +  A2^ 

=  V16OO  +  3600 

=  V52OO 


Fig.  137.  The  vector  A 
represents  the  current 
through  the  ammeter 
A.  It  is  made  up  of 
the  sum  of  vectors  Ai 
and  At, 


=  72.1  amp. 

Thus  a  current  of  72.1  amp.  flows  through  A.  This  current 
is  really  the  resultant  of  the  two  currents  Ai  and  Ai  which 
have  a  phase  difference  of  90^.  * 
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Accordingly,  if  we  can  compute  the  resultant  of  two  cur- 
rents 90®  out  of  phase  with  each  other,  we  surely  can  compute 
these  two  components  when  given  the  resultant  and  the 
phase  difference;  or  we  may  consider  any  current  as  the 
resultant  of  two  components  and  compute  what  these  com- 
ponents would  be. 

Therefore,  in  considering  the  current  /  in  Fig.  136  as  made 
up  of  two  components  one  in  phase  with  the  voltage  E  and 
one  at  90°  to  it,  we  construct  Fig.  138,  drawing  the  vector  / 
to  represent  the  current  at  an  angle  of  GF*  behind  the  voltage 
vector  E. 


Fig.  138.  The  vector  Ir  represents  that  component  of  the  current  / 
which  is  in  phase  with  the  voltage  E,  The  component  Ix  lags  90^ 
behind  the  component  Ib.  The  vector  /  is  the  resultant  of  the  two 
components  Ir  and  Iz- 

Then,  by  drawing  a  perpendicular  from  the  end  of  J  up  to 
the  horizontal  axis,  we  cut  off  Ir,  which  will  represent  that 
component  of  /  which  is  in  phase  with  E.  By  drawing  an- 
other perpendicular  over  to  the  vertical  axis,  we  cut  off  7jr, 
which  represents  that  component  of  I  which  is  90**  behind 
the  voltage  E.  Thus  Ir  and  Ix  represent  two  alternating 
currents  at  90®  to  each  other,  which  if  combined  would  re- 
sult in  one  current  I  lagging  ^  behind  the  voltage  £• 

By  inspecting  the  figure  it  can  be  seen  that 

J/2  =  /  cos  ^ 
and 

Jjf  =  /  sin  B. 
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Thus,  if  7  =  100  amperes  and  ^  =  20*^, 

Ir  =  100  cos  20** 

=  94  amp. 
and 

I^  =  100  sin  20** 

=  34.2  amp. 

Thus  a  current  of  100  amperes  could  be  thought  of  as 
being  composed  of  two  currents  at  90°  to  each  other,  one  of 
94  amperes  and  the  other  of  34.2  amperes. 

Similarly,  in  this  case  of  a  current  /  lagging  $^  behind  a 
voltage  E,  we  may  think  of  the  current  as  made  up  of  two 
currents,  one  equal  to  /  cos  0^  in  phase  with  the  voltage  E, 
and  the  other  /  sin  9  at  90°  to  the  voltage  E. 

But  we  have  seen  that  when  a  current  and  voltage  are  at 
90°  to  each  other,  the  power  delivered  is  zero.  Thus,  the 
power  delivered  by  the  component  current  I  sin  0  which  is 
at  90°  to  the  voltage  is  zero.  Accordingly,  all  the  power 
which  the  current  /  delivers  must  come  from  its  component 
I  cos  d  which  is  in  phase  with  the  voltage.  The  average 
power,  then^  equals  the  product  of  the  effective  volts  (E) 
times  that  current  component  (J  cos  6)  which  is  in  phase 
with  the  voltage. 

In  the  form  of  an  equation  this  law  appears; 

P  =  B7  cos  e, 
where 

P  =  average  or  effective  power,  in  watts, 
E  =  effective  pressure  in  volts, 
I  =  effective  current  in  amperes, 
0  =  angle   (electrical    degrees)   representing   phase 
difference  between  E  and  /. 

Sometimes  it  is  preferable  or  more  convenient  to  resolve  the 
voltage  E  into  two  components,  Er  in  phase  with  7,  and  Eg  90°  out 
of  phase  with  7,  as  in  Fig.  138a.  This  makes  no  real  difference  in 
the  result,  because 

Er  =  Ecoae, 
Eg=^Emne, 

E ^  Ve7+eJ, 

P  =  1  XEr  =  EI  C08$. 
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In  either  case,  the  product  EIr  or  lEr  represents  power  which 
flows  in  only  one  direction,  as  for  instance,  out  from  the  generator 
to  the  hne  and  receivers,  never  to  return.  It  is  the  effective  power, 
which  one  always  understands  to  be  meant  when  the  terms  power 
and  watts  are  applied  to  the  circuit  without  qualification.  The 
product  EIx  or  lEz  represents  power  which  flows  in  both  directions 
—  from  the  generator  out  to  the  line,  and  from  the  line  back  to  the 


Fig.  138a.    The  vector  E  may  be  resolved  into  the  two  components, 
Er  in  phase  with  the  current  /,  and  Ex  at  90°  to  the  ciurrent. 

generator  in  exactly  equal  amount.  This  power  is  just  as  real  as 
that  which  we  have  called  **  effective  power  "  (which  the  wattmeter 
indicates),  and  it  produces  very  important  effects  in  the  circuit. 
However,  as  this  power  merely  shuttles  back  and  forth  between  the 
generator  and  the  receiving  circuit,  without  being  transformed  into 
heat  or  useful  work,  it  is  called  reactive  power,  or  reactive  volt- 
amperes.  Obviously,  reactive  volt-amperes  can  only  be  found  in 
circuits  which  possess  an  ability  to  store  up  energy,  receiving  it 
during  part  of  each  half-cycle  and  delivering  some  of  this  energy 
back  to  the  generator  during  the  remainder  of  each  half-cycle.  Cir- 
cuits which  possess  abihty  to  store  energy  and  deliver  power  back 
to  the  generator  periodically  are  called  "inductive"  circuits;  the 
energy  is  stored  in  the  electromagnetic  and  the  electrostatic  "fields" 
induced  in  the  space  around  the  wires  when  current  flows  and 
potential  difference  exists.  These  actions  will  be  explained  more 
fully  in  later  chapters.  Non-inductive  circuits  are  those  in  which 
no  energy  can  be  stored  in  this  way. 
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Example  2.  What  power  is  being  delivered  by  a  single-phase 
a-c.  generator  which  maintains  a  pressure  of  220  volts  and  de- 
livers a  current  of  50  amp.  with  a  phase  difference  of  25^  between 
the  pressure  and  the  current? 

=  220  X  50  X  cos  25** 
=  220  X  50  X  0.906 
=  9966  watts. 
=  9.97  kw. 

Bzample  3.  In  the  above  example,  what  power  would  be  de- 
livered if  the  current  and  voltage  were  in  phase  (that  is,  differed  in 
phase  by  0**)? 

P  =  EIiio&e 

=  220  X  50  X  cos  ff* 
=  220  X  50  X  1 
=  11,000  watts 
=  11  kw. 

Example  4.  What  power  would  be  delivered  in  the  above  ex- 
ample if  the  current  and  voltage  differed  in  phase  by  90^? 

P  =  ElQo&e 

=  220  X  50  X  cos  90** 
=  220  X50  XO 

=  0  watts. 

Prob.  13-4.  According  to  directions  in  Prob.  1,  plot  curves  for 
current,  voltage,  and  power,  when  an  alternating  pressure  of  110 
volts  delivers  a  current  of  2  amperes  which  lags  20^  behind  the 
pressure. 

Prob.  14-4.  By  methods  of  Prob.  2,  find  the  average  value  of 
the  power  delivered  in  Prob.  13.  Compare  this  -with  the  value  as 
computed  from  the  equation  P  =  EI  cos  B, 

Prob.  16-4.  In  the  system  of  pumps  specified  in  Problem  12-4, 
consider  that  the  force  applied  by  the  piston  to  the  water  must 
overcome  frictional  resistances  as  well  as  the  pressure  head  {h)  in 
the  storage  tanks.  The  friction  reaction,  in  poimds  per  square 
inch  at  the  piston,  is  proportional  to  the  rate  of  flow  and  has  a 
value  of  1  lb.  per  square  inch  when  the  rate  of  flow  is  one  cubic 
foot  of  water  per  second.  For  simplicity,  consider  a  single  pump 
having  a  capacity  equal  to  the  smn  of  the  two  shown,  and  draw  to 
suitable  scale  the  following  curves,  using  time  (seconds)  as  abscissa 
for  all:  (a)  current,  or  rate  of  flow,  pounds  of  water  per  second;  (6) 
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head  h,  (in  feet)  due  to  storage  of  hydraulic  energy,  or  difference  of 
level  in  tanks;  (c)  head  A/  corresponding  to  the  friction  reaction  at 
the  piston  (2.31  feet  head  =  1  lb.  per  square  inch) ;  {d)  total  head 
ht  against  which  the  piston  operates;  (e)  power  (foot-pounds  per 
second)  represented  by  current  and  pressure  due  to  receiving  tanks; 
(/)  power  represented  by  current  and  back-pressure  due  to  friction; 
{g)  total  power  between  liquid  and  piston.  Discuss  these  ciu'ves 
and  their  analogies  to  those  of  the  electric  circuit,  indicating  the 
correspondences  to  the  quantities  /,  /r,  /«,  E^  Er,  -&«,  Eln  Elg, 
I  En  I  Eg,  Elf  EI  coQ0'm  the  foregoing  discussions. 

From  the  above  examples  and  problems  it  can  be  seen  that 
the  equation  P  =  EI  cos  ^  is  a  general  equation  for  the 
average  power  in  an  alternating-current  circuit,  regardless 
of  the  phase  difference  between  the  voltage  and  the  current. 

It  is  customary  to  refer  to  the  product  of  the  effective  volts 
by  the  effective  amperes,  by  the  name  of  Apparent  Power, 
and  to  measure  it  in  volt-amperes.  The  term  "cos^"  is 
then  called  the  Power-factor.  Thus,  when  we  want  to  com- 
pute the  power  we  find  the  apparent  power  {E  times  7),  and 
multiply  it  by  the  power-factor  (cos  6).  When  the  pressure 
and  the  current  are  in  phase,  the  term  (cos  6)  has  a  numerical 
value  unity  (1),  and  the  circuit  is  said  to  have  unity  power- 
factor. 

When  they  differ  by  about  25°,  the  term  (cos  $)  becomes 
0.90  and  the  circuit  is  said  to  have  a  power-factor  of  90%. 

The  power-factor,  then,  really  indicates  what  fraction  the 
average  power  is  of  the  apparent  watts,  or  volt-amperes, 
(EI),    So  it  is  often  defined  by  the  equation 

effective  power  watts 


Power-factor  = 


apparent  power      volt-amperes 


Since  a  wattmeter  always  reads  the  effective  power,  we  have 
only  tp  attach  a  wattmeter,  an  ammeter,  and  a  voltmeter  to 
a  circuit  to  find  the  power-factor,  and  from  it  the  phase 
difference  between  the  current  and  the  pressure.  The  prod- 
uct of  the  volts  by  the  amperes  gives  the  apparent  power,  by 
which  the  wattmeter  reading  is  divided  to  give  the  power-factor. 
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The  power-factor  has  already  been  shown  in  a  single-phase 
circuit  to  be  always  equal  to  the  cosine  of  the  angle  of  phase 
difference  between  the  pressure  and  the  current  in  the  cir- 
cuit. 

Example  6.  The  ammeter  shows  that  a  certain  generator  is  de- 
livering 20  amperes.  The  voltmeter  reads  230  volts.  A  watt- 
meter shows  that  4  kw.  are  being  delivered. 

(a)  What  is  the  power-factor  of  the  load? 
(6)  What  is  the  phase  difference  between  the  current  and  the 
voltage? 

Effective' power  ==  4000  watts, 

Apparent  power  =  El 

=  230  X  20  =  4600  volt-amperes, 

effective  power 


Power-factor  = 


apparent  power 
4000 


4600 

=  87%. 

But  power-factor  =  cos  5, 

therefore,  0.87  =  cos^, 

B  =  30°  approx. 

Prob.  16-4.  A  single-phase  induction  motor  takes  a  current  of 
24  amperes  which  lags  30°  behind  the  impressed  voltage  of  220 
volts.  What  is  the  power-factor  of  the  motor  at  this  load  and  how 
much  power  does  it  take? 

Prob.  17-4.  A  single-phase  synchronous  motor  is  taking  a 
current  of  30  amp.  which  leads  the  impressed  voltage  of  220  volts 
by  20°.  What  is  the  power-factor  of  this  motor  under  these  con- 
ditions and  what  power  does  it  take? 

Prob.  18-4.  If  the  two  motors  of  Prob.  16  and  Prob.  17  are  put 
in  parallel  on  the  same  circuit: 

(a)  What  current  will  flow  in  the  line? 

(6)  What  will  be  the  power-factor  of  the  generator? 

(c)  How  much  power  will  the  generator  be  delivering,  assuming 
these  two  motors  are  alone  on  a  short  line?  Use  two  methods  to 
check. 
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Prob.  lft-4.  ¥\g.  139  is  from  the  Proceedings  A.I.E.E.  &nd 
^ves  the  oecillogramB  of  the  current  and  voltage  curves  of  one 
phase  of  a  3-phase  500-kv-a.  2300-volt  a^c.  generator.  Assume 
that  the  current  has  a  value  of  200  amperes  and  the  voltage,  2300 
volts.  Note  that  the.  two  curves  do  not  have  the  same  zero  line. 
Draw  to  the  same  abscissas  the  power  curve,  measuring  the  in- 
stantaneous values  of  the  volts  and  amperes  from  the  middle  of 
the  thick  lines. 


Pio.  139.  The  current  and  e.ra.f.  curves  of  one  phase  of  a.  S-pbase 
generator,  taken  by  an  oscillognijih.  Note  that  the  lero  lines  of 
the  two  curves  do  not  coincide.     Proc.  A.I.E.E. 

Prob.  aO-4.  From  the  area  of  the  positive  and  negative  loopa 
of  the  power  curve  of  Prob.  19,  compute  the  average  effective  power 
which  the  generator  is  delivering  to  the  Une. 

Prob.  21-4.  During  a  working  day  of  21  hours,  the  ammeter  and 
voltmeter  connected  in  circuit  with  a  small  single-phase  motor 
driving  a  drainage  pump,  indicate  steadily  10  amperes  and  230 
volts  respectively.  The  watt-hour  meter  reading  increases  by  44.2 
kilowatt-hours  during  this  time.  Calculate  the  power-factor  at 
which  the  motor  operate.^.  Assuming  an  80  per  cent  efficiency  for 
the  motor  and  60  per  cent  for  the  purap,  calculate  the  horse  power 
output  o(  the  motor,  and  the  total  number  of  gallons  of  water 
raised  20  feet  from  an  excavation. 

Prob.  2S-4,  If  under  the  conditions  of  Problem  21-4,  one-half 
of  the  total  losses  in  the  motor  are  constant  and  the  other  half  are 
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copper  losses,  which  vary  as  the  square  of  the  current,  calculate: 
(a)  How  many  amperes  the  motor  would  take  at  the  same  voltage 
to  deliver  the  same  horse  power,  if  constructed  or  adjusted  to  oper- 
ate at  a  power-factor  of  90  per  cent.  (6)  How  many  kilowatt- 
hours  would  be  used  per  day  under  this  condition,  (c)  What  the 
monthly  saving  would  be  with  energy  costing  four  cents  per  kilo- 
watt-hour delivered  at  the  motor. 

38.  Reactive  Ctirrent,  Reactive  Pressure,  Reactive 
Volt-amperes.  Since  no  power  is  taken  from  the  generator 
when  it  delivers  a  current  which  differs  in  phase  with  the 
voltage  by  90°,  such  a  current  is  said  to  be  reactive.  It  is 
also  sometimes  called  wattless,  although  this  term  is  not 
approved.  It  has  been  seen  that  any  alternating  current  at 
all  out  of  phase  with  the  voltage  may  be  resolved  into  two 
component  currents.  That  component  part  which  is  out  of 
phase  with  the  voltage  by  90*^  is  accordingly  called  the  re- 
active component,  and  the  part  which  is  in  phase  with  the 
voltage  is  called  the  power  component. 

Consider,  for  instance.  Example  5,  in  which  a  current  of 
20  amperes  is  flowing,  30**  out  of  phase  with  the  voltage. 
The  component  in  phase  with  the  voltage  or  the  power-com- 
ponent of  the  current 

=  20  cos  SO"* 

=  20  X  0.866 

=  17.3  amperes. 

The  wattless  component,  or  the  one  at  90**  to  the  voltage 

=  20  X  sin  30"* 
=  20  X  0.500 
=  10  amperes. 

Thus,  the  current  of  20  amperes  can  be  regarded  as  being 
made  up  of  a  wattless  component  of  10  amperes  at  90°  to 
the  voltage,  and  a  power  component  of  17.3  amperes  in  phase 
with  the  voltage. 

Prob.  28-4.  How  large  are  the  reactive  and  the  power  com- 
ponents of  the  current  in  the  motor  of  Prob.  16? 

Prob.  24-4.  How  large  are  the  reactive  and  power  components 
of  the  motor  current  in  Prob.  17? 
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Prob.  25-4.  Compute  the  reactive  component  of  the  line  current 
in  Prob.  18  and  compare  it  with  the  reactive  components  of  Prob. 
16  and  17.    Explain  reason  for  change. 

As  mentioned  before,  sometimes  it  is  easier  to  conceive 
only  one  current  in  the  circuit,  this  current  being  driven  by 
two  alternating  e.m.f.'s  added  to  each  other,  the  total  or 
resultant  of  these  two  imaginary  e.m.f.'s  being  the  actual 
voltage  across  the  circuit  which  the  voltmeter  measures. 
Thus,  in  Example  5,  we  could  say: 

In-phase  component  or  power  component  of  line  voltage 

=  230  cos  30° 
=  199.2  volts. 

Quadrature  component  or  reactive  component  of  line  voltage 

=  230  sm  30° 
=  115  volts. 

In  finding  the  total  size  or  capacity  of  generators,  trans- 
formers or  distributing  lines  necessary  to  supply  a  number  of 
diverse  loads  connected  together,  it  is  usually  convenient  to 
apply  a  similar  analysis  to  the  power  in  the  circuit.  Thus,  , 
we  conceive  the  total  apparent  power,  or  (effective  volts  X 
effective  amperes),  to  be  made  up  of  two  components: 
Working  volt-amperes,  or  effective  power,  or  true  watts 

=  total  volt-amperes  X  power-factor. 
P«,  =  EI  cos  d. 
Reactive  volt-amperes,  or  circulating  power 

=  total  apparent  power  X  sin  6. 
Po  =  EI  sin  6. 

It  is  apparent  that: 

Total  EI  =  VPJ  +  Po* 
Since  this  may  be  expressed  in  the  form: 

EI  =  V{Ei  cos  ey  +  {EI  sin  sy 

EI  =  EI  \/cos2  d  +  sin*  ^  =.  EI  Vl  =  EI. 


^ 
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That  is,  the  total  apparent  power  EI  in  any  circuit,  or 
part  of  a  circuit,  may  be  resolved  into  two  components  at 
right  angles  to  each  other;  one  of  these  is  the  effective  power 
or  watts  {EI  cos^),  which  is  used  to  deliver  energy  out  of 
the  electrical  system  (produce  torque  in  motors  or  heat  in 
conductors),  and  the  other  (£7sin^)  merely  oscillates  from 
one  form  of  energy  to  another  within  the  system  (as  magnetic 
or  electric  fields,  mechanical  momentum,  etc.);  without  loss. 

The  advantage  of  this  analysis  of  the  "apparent  watts  " 
will  be  evident  from  an  example: 

Example  6.  What  size  generator,*  in  kv-a.  (kilovolt-amperes), 
is  required  to  supply  a  system  comprising  induction  motors  taking 
64  kilowatts  at  80  per  cent  power-factor,  incandescent  lamps  taking 
40  kilowatts  at  100  per  cent  power-factor,  and  idle  transformers 
taking  5  kv-a.  at  40  per  cent  power-factor.  For  simplicity,  assiune 
these  values  to  include  the  power  used  to  overcome  losses  and  re- 
actions in  the  corresponding  distributing  wires. 

In  solving  this  problem  we  may  work  with  amperes  as  hereto- 
fore, or  we  may  work  directly  with  power,  which  we  shall  find  to  be 
simpler.  The  loads  are  probably  connected  in  parallel;  we  may, 
therefore,  choose  a  voltage,  calculate  the  amperes  supplied  to  each 
of  the  loads  (from  total  kv-a.  and  volts,  or  from  kw.,  power-factor 
and  volts),  add  these  currents  together  vectorially  to  find  the 
total  current  to  be  delivered  by  the  generator,  and  multiply  this 
resultant  current  by  the  voltage  to  get  total  volt-amperes  output 
of  the  generator.  It  makes  no  difference  to  the  final  answer  what 
voltage  we  choose,  because  we  first  divide  and  then  multiply  by  it. 
Thus,  assuming  1000  volts  pressure: 

Current  to  induction  motor  load 

_  total  volt-amperes  _  watts  -*■  power-factor 
volts  volts 

(64,000 -^  0.80)  volt-amperes 


*       1000  volts 
Current  to  incandescent  lamp  load 


=  80  amperes. 


(40,000 -f- 1.00)  volt-amperes      ,^ 
1000  volts =40  amperes. 

*  See  Second  Course,  Chap.  1,  on  rating  of  generators. 
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Current  to  idle  transformers 

_  5000  volt-amperes 
"         1000  volts 


=  5  amperes. 


We  might  plot  these  vectors  in  a  diagram  all  to  the  same  scale 
and  combine  them  graphically,  as  shown  in  Fig.  139a,  finally  arriv- 
ing at  a  resultant  OR  amperes  which,  multiplied  by  the  chosen 


-*1 ^E»  1000  Tolte 


J««  SOftrnp*. 

FiQ.  139a.  A  vector  diagram  in  which  It  represents  the  transforiner 
current;  Im^  the  motor  current;  //,  the  lamp  current,  and  OR^  the 
resultant  of  the  three  currents. 

voltage  OE  (=  1000  volts),  would  give  us  the  generator  output  in 
volt-amperes.  It  would  be  much  more  accurate  to  calculate  the 
value  of  OR  by  trigonometry,  as  follows: 

Power  component  of      /«  =  /»  cos  ^«  =  80  X  0.8  =  64  amp. 

Reactive  component  of  /»  =  /«,  sin  ^„»  =  80  Vl.O*  —  0.8* 

=  80  X  0.6  =  48  amperes. 
or  

Reactive  component  of  Im  =  V  l„?  —  (power  component  !«»)* 

=  V80»  -  64«  =  48  amps. 
Power  component  of       7/  =  /j  cos  ^i  =  40  X  1.00  =  40  amp. 
Reactive  component  of  I^  =  Ij  sin  0/  »  40  X  0.0  =  0  amp. 
Power  component  of        /|  =  /|  cos  ^t  =  5  X  0.4  =  2  amp. 

Reactive  component  of  I(  =  I|  sin  ^<  -  V5^  —  2^ 

=  \/2l=4.6app.  1 
Power  component  of      OR  =  64  +  40  -|-  2  =5  106  amperes. 
Reactive  component  of  OR  =  48  +  0  +  4fe  =  52.fr  amperes. 
Finally, 

OR  =  V (power  comp.  of  ORY  +  (wattless  comp.  of  ORY 
=  V(106)*  +  (52.9)»  =  118.4  amperes, 


\ 


{ 
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and  Total  ''apparent  power"  output  of  generator 

=  118.4  amps.  X  1000  volts 
=  118,400  volt-amperes 
=  118.4  kv-a. 

This  method  is  based  on  the  fact  that  all  power  components, 
being  in  phase  with  one  another,  can  be  added  together  algebraic- 
ally, and  all  restive  components,  being  also  in  phase  with  one 
another,  can  also  be  added  together  algebraically.  The  addition 
of  components  must  be  algebraic,  with  due  regard  to  sign  or  direc- 
tion, because  some  of  the  connected  units  may  be  suppl3dng  power 
to  the  system  as  generators  at  the  same  time  that  other  units 
are  taking  power  from  the  system.  Likewise,  some  loads  take  lag- 
ging reactive  components  while  others  take  leading  reactiye  compo- 
nents of  directly  opposite  phase.  Moreover,  the  total  amperes,  or 
voltnamperes,  is  equal  to  the  square  root  of  the  sum  of  squared 
power  component  and  squared  reactive  component,  since  the  total 
is  the  vector  sum  and  the  vectors  representing  these  components 
are  at  right  angles  to  each  other. 

In  this  example  we  would  have: 

Power  component  of  motor  load  in  kw. 

=  64  (given) 

=  total  kv-a.  X  power-factor. 

kw.  64 

Total  kv-a.  to  motor  load      = i-— —  ^  ttt:  =^  80  kv-a. 

power-factor      0.8 

Reactive  kv-a.  to  motor  load  =  V(total  kv-a.)*  —  (kw,)' 

=  V80»-64?  =  48  kv-a.  (lagpng). 


Power  component  of  lighting  load  in  kw.  —  40  (given) 

=  total  kv-a.  X  100  per  cent. 

40  kw 
Total kv^.  to lamp8     =^  =  40 kv-a. 

Reactive  kv-a.  to  lamps  =  V40*  —  40*  =  0  kv-a. 

Power  component  of  idle  transformers  in  kw. 

=  total  kv-a.  X  power-factor 
=  5  X  0.4  =  2  kw. 

Total  kv-a.  to  idle  transformers  »  5  (given). 
Reactive  kv-a.  to  idle  transformers 

-  V5'-2»  =\/2r=  4.6  kv-a.  (lagging). 


i 
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Total  effective  power  output  of  generator 

=  64  kw.  +  40  kw.  +  2  kw.  =  106  kw. 

Total  reactive  power  output  of  generator 

=  48  kv-a.  +  0.0  kv-a.  +  4.9  kvna.  =  52.8  kv-a. 

Total  apparent  output  of  generator 

=  V(total  kw.)*  +  (total  reactive  kv-a.)* 
=  V(106)«  +  (52.8)2  =  118.4  kv-a. 

Power-factor  of  total  output 

k"  effective  power         106  kw.        ^^^^      ^^  ^^ 

X^/ —^ =  TT^TZ =  0-895  =  89.5%. 

/.y  apparent  power      118.4  kv-a. 

It  is  e^^dent  that  this  method  is  much  more  direct  when  dealing 
with  questions  of  size  or  power  capacity  of  lines  or  apparatus,  when 
the  pressure  or  current  are  not  under  consideration.  In  such 
cases,  the  vectors  in  Fig.  139a  all  represent  volt^amperes  or  kv-a. 
The  length  of  each  vector  represents  the  total  kv-a.  or  apparent 
power  taken  by  one  of  the  loads.  The  angle  between  the  vector 
and  the  reference  axis  OE  (which  is  the  axis  of  kilowatts)  is  the 
angle  whose  cosine  is  the  power-factor  of  that  load.  The  projec- 
tion of  the  vector  on  the  OE  axis  is  the  effective  power  taken  by 
that  load.  The  projection  of  the  vector  upon  an  axis  perpendicular 
to  OE  represents  the  reactive  kv-a.  taken  by  that  load.  Once  this 
system  of  representation  is  thoroughly  in  mind,  it  is  imnecessary 
to  draw  the  diagram;  the  calculations  can  be  made  directly  as  shown 
just  above.  Remember,  however,  that  whenever  a  load  takes  a 
leading  current,  its  vector  lies  above  the  OE  axis  in  Fig.  139a 
and  its  reactive  kv-a.  must  be  called  negative  and  subtracted 
from  the  reactive  kv-a.  of  the  lagging  loads. 

Prob.  26-4.  The  machines  in  a  certain  shop  are  arranged  in 
three  groups,  driven  by  line  shafts  connected  to  three  similar  50- 
h.p.  altemating-ciurent  motors.  One  of  these  operates  at  half 
load,  with  an  efficiency  of  86  per  cent  and  power-factor  75  per  cent. 
The  second  operates  at  f  load,  efficiency  88  per  cent  and  power- 
factor  83  per  cent.  The  third  operates  at  full  load,  with  efficiency 
of  89  per  cent  and  power-factor  88  per  cent.  Calculate  the  kw., 
reactive  kv-a.,  and  total  kv-a.  supplied  to  each  motor,  and  to  the 
entire  shop.  Calculate  also  the  power-factor  of  the  feeder  supply- 
ing this  shop. 

Prob.  27-4.  If  the  half-load  induction  motor  of  Prob.  26  were 
replaced  by  a  synchronous  motor,  which  delivers  the  same  power 


POWER  AND  POWER-FACTOR 


179 


at  the  same  efficiency,  but  is  adjusted  to  take  enough  reactive 
leading  kv^a.  to  compensate  or  neutralize  the  total  reactive  lagging 
kv-a.  taken  by  the  other  two  motors,  calculate:  (a)  The  reactive 
kv-a.  which  must  be  taken  by  the  synchronous  motor;  (6)  the 
kw.  that  must  be  taken  by  this  motor;  (c)  the  required  size  of  the 
synchronous  motor,  in  kv-a.;  (d)  the  power-factor  at  which  this 
motor  must  operate;  (e)  the  power-factor  of  the  feeder  under  these 
conditions. 

39.  Measurement  of  A-C.  Power.  Single-Phase.  We 
have  seen  that  the  product  of  amperes  by  volts  gives  the 
apparent  power  in  an  a-c.  circuit,  which  is  equal  to  the  true 
power  only  when  the  power-factor  is  unity. 

The  true  power  in  a  single-phase  alternating-current  cir- 
cuit is  measured  by  means  of  a  wattmeter  attached  to  the 
circuit  in  exactly  the  same  way  as  to  a  direct-current  circuit. 


Fio.  140.  Groups  of  lamps  attached  to  a  3-phafie  system.  The  power 
delivered  equals  the  sum  of  the  power  consumed  by  the  three  groups 
of  lamps. 

40.  Measurement  of  Polyphase  Power.  Balanced 
Three-phase.  In  measuring  the  power  delivered  by  a 
three-phase  generator  or  taken  by  any  three-phase  appliance, 
whether  A-  or  Y-connected,  it  is  merely  necessary  to  measure 
the  power  in  each  coil  of  the  appliance  and  add  the  three 
measurements.  The  total  power  must  necessarily  be  the 
sum  of  the  power  in  the  three  phases.  Thus,  the  total  power 
delivered  by  the  three-phase  line  in  Fig.  140  to  the  lamps 
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must  be  the  sum  of  the  power  in  Groups  1,  2,  and  3. 
each  lamp  is  a  100-watt  lamp,  then: 


If 


Phase  1  consumes  2  X  100  =  200  watts. 
Phase  2         "         3  X  100  =  300     " 
Phase  3         "        4  X  100  =  400     " 
Total  power  consumed  by  lamps  =  900  watts. 

Of  course,  if  the  phases  are  balanced  and  the  power  is 
known  to  be  the  same  in  each  of  the  three  windings  or  load 
circuits,  it  is  only  necessary  to  measure  the  power  in  one 
phase  and  multiply  by  three. 

However,  in  most  machines  which  operate  on  a  three- 
phase  system,  it  is  difficult  to  get  at  the  coils  which  com- 
pose each  phase  in  order  to  insert 
a  wattmeter  in  circuit  with  them. 
For  insttoce,  in  Fig.  141,  xy,  yz, 
zx  represent  the  phases  in  the  wind- 
ing  of  a  delta-connected   motor. 
But  the  connections  are  made  on 
the  inside   of  the  frame  of   the 
motor  and  the  leads  A,  B,  and  C 
only  are  brought  out.    It  might 
appear  that  we  could  measure  the 
power  by  inserting  the  current  coil 
Fia.  141.    The  coils  of  this  of  the  wattmeter  in  the  lead  A, 
synchronous     motor    are  putting  the  voltmeter  coil  across 
joined  within  the  frame  and    .i      i     j      j  o         j  au  j.x 

lu      y    A   A  T>     A  n     \     the  leads  AB,  and  use  the  w^att- 
three  leads  A,  B  and  C  only  ,.1 

are  brought  out.  ^^^^^   readmg    as    the   power   m 

the  coil  xy]  then  doing  the  same 
for  the  other  two  leads,  adding  the  three  readings  thus  ob- 
tained. But  this  inference  would  not  be  correct.  To  be 
sure,  the  voltage  used  by  the  wattmeter  in  the  first  measure- 
ment is  the  voltage  across  the  coil  xyj  but  the  current  taken 
by  the  series  coil  of  the  wattmeter  would  not  be  the  current 
which  flows  in  the  coil  xy,  because  the  current  in  the  lead  A 
is  the  vector  sum  of  the  currents  in  both  the  coils  xy  and  zx. 
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The  same  difficulty  would  be  encountered  in  sending  the  cur- 
rent of  either  of  the  other  leads  through  the  wattmeter.  In 
no  case  would  this  current  be  the  current  through  a  single 
coil  of  the  machine. 

But  if  the  phases  are  exactly  balanced;  we  know  that  the 
current  in  any  lead  equals  Vs  times  the  current  in  any  coil 
of  the  machine.  So  if  we  take  the  wattmeter  reading  as 
first  suggested,  with  the  current  coil  in  the  lead  A  and  the 
voltmeter  coil  across  AB,  we  would  know  that  the  current 
factor  of  the  power  reading  was  Vs  times  the  current  in  the 
phase  an/,  therefore,  the  power  indicated  should  be  Vs  times 
what  it  should  be  for  coil  xy  alone.  However,  the  current  in 
the  lead  A  is  not  only  V3  times  as  laige  as  the  current  in 
the  phase  xy,  but  is  also  out  of  phase  with  it  In  Fig.  142,  the 
vector  I  A,  resultant  of  /xy  and  /x«  represents  the  current  in 
the  lead  A  and  is  seen  to  be  Vs  times  the  current  in  xy  but 
30°  out  of  phase  with  it. 

When  the  current  and  the  pressure  vary  according  to  the 
sine  law,  the  wattmeter  indicates  the  value  of  EI  cos  B,  where 
E  =  effective  volts,  across  the  pressure  coil  of  the  wattmeter, 
J  =  effective  amperes  through  the  current  coil,  and  B  =  elec- 
trical degrees  of  phase  difference  between  the  current  and  the 
pressure.  If  7  is  the  only  current  and  all  the  current  flow- 
ing in  that  part  of  the  circuit  across  which  the  pressure  E 
exists,  then  the  wattmeter  indicates  the  true  average  power 
in  watts  delivered  to  or  by  that  part  of  the  circuit.  Thus  if 
a  wattmeter  is  inserted  with  the  current  coil  in  the  lead  A 
and  with  the  pressure  coil  across  the  phase  xy,  the  wattmeter 
will  read  the  product  of  the  effective  amperes  in  the  lead  A 
times  the  effective  volts  across  the  phase  xy,  times  the  co- 
sine of  the  angle  representing  phase  difference  between  the 
current  in  the  lead  A  and  the  voltage  across  the  phase  xy. 
But  the  power  consumed  by  the  coil  xy  does  not  depend  upon 
the  phase  angle  between  the  current  in  the  line  and  the  volt- 
age across  xy,  but  it  does  depend  upon  the  phase  angle  be- 
tween the  current  in  xy  and  the  voltage  across  xy.    Since  we 
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have  assumed  the  motor  to  have  unity  power-factor,  the 
current  is  in  phase  with  the  voltage  and  this  phase  angle  is 
0^.  Therefore,  the  product  of  the  current  through  a^  times 
the  voltage  across  xy  equals  the  power  in  xy. 

But  we  have  already  seen  that  the  wattmeter  placed  in 
the  line  indicating  the  power,  multiplies  the  product  of  am- 
peres times  the  volts  by  cos^.*  Now,  the  volts  across  the 

^  J  line  AB  are  in  phase  with 

the  current  in  xy,  but  are 
30®  out  of  phase  with  the 
line  current  as  is  seen  in 
Fig.  142.    Therefore,  the 
line  volts  must  be  out  of 
phase  with  the  line  cur- 
rent by  30**.    Thus  this 
cos  6  by  which  the  watt- 
meter   automatically 
multiplies  the  volt-am- 
peres must  be  cos  30°, 
The  reading  of  the  watt- 
FiG.  142.    The  vector  I  a  is  the  resultant  meter  placed  in  the  line, 
of  the  currents  Ixy  and  /*,  and  is   then,  is  wrong  in  two  re- 
equal  to  Va  X  /^,  but  is  SQo  out  of  gp^^^g  f^^  measuring  the 
phase  with  Ixv.  •     n  m 

power  m  the  coil  xy. 
First:   The  current  flowing  through  it  is  Vs  times  the 

current  in  the  phase  xt/,  so  we  must  divide  the  reading 

bv  Vs. 
Second:  The  power-factor  of  the  power  so  indicated  is 

cos  30°,  while  the  power-factor  of  the  power  in  xy  is  1. 

So  we  must  also  divide  the  reading  by  cos  30**. 

Accordingly,  if  we  divide  the  wattmeter  reading  by  both 

V3  and  cos.30°,  or  by  (x^S  X  cos  30°),  we  ^ill  obtain  the 
power  in  the  coil  xy.  Since  we  assumed  the  phases  to  be 
balanced,  we  can  now  multiply  this  result  by  3  and  obtain 
the  power  taken  by  the  whole  machine.    But  dividing  by 
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( Vs  X  cos  30°)  and  then  multiplying  by  3  is  the  same  as 

multiplying  by 

3  3 

V3Xcos30°'    ''''    1.73X0.866'^''^' 

If  the  motor  were  Y-connected  and  the  wattmeter  were 
used  as  above,  the  same  reasoning  would  apply,  and  the 
reading  would  have  to  be  multiplied  by  2  as  in  the  A-connec- 
tion.  In  the  case  of  a  Y-connection,  the  current  through 
the  wattmeter  is  the  current  through  one  of  the  coils  of  the 
machine,  but  the  voltage  across  the  wattmeter  is  the  result- 
ant voltage  across  two  coils  of  the  machine  in  series,  and  is 
equal  to  V^  times  the  voltage  across  one  of  the  coils.  This 
voltage  is  also  30°  out  of  phase  with  the  current  through  the 
coil,  which  makes  the  power-factor  of  the  power  as  measured 
by  the  wattmeter  cos  30°  instead  of  unity. 

Therefore,  the  rule  for  finding  the  power  delivered  by  a  bal- 
anced fhree-phase  generator,  or  taken  by  a  balanced  three- 
phase  load  of  unity  power-factor,  whether  connected  A  or  Y, 
is  to  insert  the  current  coil  in  one  lead  and  attach  the  pressure 
coil  between  from  this  lead  to  one  of  the  others  and  multiply  the 
reading  obtained  by  2. 

Example  7.  What  power  is  consumed  by  the  3-phase  motor  of 
Fig.  141  when  rimning  at  unity  power-factor  if  the  phases  are  bal- 
anced, and  a  wattmeber  indicates  13.2  kw.  when  the  current  coil  is 
in  lead  B  and  the  voltage  coil  between  B  and  C 

Power  =  2  X  wattmeter  reading 
=  2  X  13.2 
=  26.4  kw. 

It  will  be  seen  from  an  inspection  of  Fig.  143  that  in  the 
case  of  a  balanced  three-wire  direct-current  system,  the  read- 
ing of  a  wattmeter  so  placed  must  be  multiplied  by  2  in  order 
to  obtain  all  the  power  delivered  by  the  generator  or  received 
by  the  appliances  attached  to  it.  Since  in  a  balanced  three- 
wire  direct-current  system  the  third  wire  carries  no  current, 
the  current  coil  of  the  wattmeter  must  be  placed  in  either  of 
the  outside  wires.  But  in  a  3-phase  system  just  described  the 
current  is  the  same  in  each  wire,  because  of  the  phase-differ- 
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ence  between  the  currents;  thus  the  current  coil  can  be 
placed  in  any  line  wire.  Since  in  a  d-c.  system  the  voltage 
across  the  outside  wires  is  also  greater  than  the  voltage 
across  either  side,  the  voltmeter  coil  must  be  placed  between 
an  outer  and  the  neutral  wire.  But  in  the  balanced  a-c. 
system  the  voltage  is  the  same  across  all  pairs  of  line  wires; 
thus  the  voltmeter  coil  can  be  placed  across  any  pair,  provid- 
ing the  line  in  which  the  current  coil  is  inserted  is  one  of  the 
pair. 
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Fio.  143.  A  balanced  3-wire  d-c.  system.  The  reading  of  the  watt- 
meter must  be  multiplied  by  two  in  order  to  determine  the  total 
power  taken  by  the  lamps  and  the  motor  ilf . 

So,  making  allowances  for  the  points  of  difference  between 
an  a-c.  three-wire  three-phase  system  and  a  d-c.  three-wire 
system,  it  is  readily  seen  that  when  a  wattmeter  is  similarly 
placed  in  either,  with  the  load  balanced  and  power-factor 
unity,  the  reading  must  be  multiplied  by  2  in  order  to  obtain 
the  total  power  in  the  system. 

41.  Two-Wattmeter  Method :  Unbalanced  Three-phase. 
Keeping  in  mind  the  points  of  similarity  and  difference  be- 
tween the  alternating-current  and  the  direct-current  systems 
just  compared,  let  us  investigate  the  power  in  the  same  two 
systems  when  unbalanced. 

In  Fig.  144,  which  represents  an  unbalanced  3-wire  d-c. 
system,  the  power  delivered  by  the  generator  is  not  twice 
the  reading  of  wattmeter  TFi  (9  X  1 10  watts)  nor  is  it  twice  the 
reading  of  wattmeter  W^  (19  X  110  watts),  but  is  merely 
the  sum  of  the  two  readings  (9  X  110)  -h  (19  X  110)  watts. 
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Similarly,  in  any  unbalanced  3-wire  3-phase  system,  there 
is  no  single  wattmeter  reading  which  can  be  multiplied  by 
two  to  obtain  the  correct  total  power.  But  two  wattmeters 
may  be  inserted,  each  with  its  current  coil  in  one  line  wire 


Fig.  144.  The  power  taken  by  the  lamps  and  motor  on  this  un- 
balanced 3-wire  d-G.  line  equals  the  sum  of  the  readings  of  the  two 
wattmeters. 

and  its  pressure  coil  between  that  wire  and  the  third  wire, 
as  in  Fig.  145,  which  is  similar  to  Fig.  144  for  a  d-c.  3-wire 
system.    The  sum  of  the  readings  of  Wi  and  W2  is  then  the 


Fio.  145.  The  power  taken  by  the  3-pha8e  arC.  motor  equals  the  sum 
of  the  readings  of  the  two  wattmeters  just  as  in  the  d-c.  system 
shown  in  Fig.  145. 

power  taken  by  the  whole  system,  exactly,  as  in  the  case  of 
the  unbalanced  d-c.  system. 

There  is  one  other  point  to  be  noted  concerning  this  two- 
wattmeter  method  of  measuring  the  power  in  a  3-phase  cir- 
cuit. The  current  and  voltage  may  be  so  much  out  of  phase 
that  even  on  a  balanced  load  when  the  two  wattmeters  are 
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connected  in  exactly  similar  fashion  to  their  respective  lines, 
one  of  the  wattmeters  will  indicate  in  the  reverse  or  negative 
direction.  This  wattmeter  therefore  should  have  the  connec- 
tions of  its  pressure  coil  reversed  in  order  to  obtain  a  reading, 
and  this  reading  should  be  subtracted  from  the  reading  of  the 
other  wattmeter. 

The  general  rule,  then,  for  measuring  power  in  any  3-phase 
arc.  circuit  is  to  assume  the  phases  unbalanced  and  to  use 
two  wattmeters.  Insert  the  current  coil  of  one  meter  in 
any  lead,  and  the  current  coil  of  the  other  in  any  other  lead, 
being  sure  always  to  connect  the  two  coils  in  the  same  man- 
ner, that  is,  the  similar  terminals  A  either  both  away  from 
the  generator  or  both  toward  the  generator  as  shown  in  Fig. 
145.  Corresponding  terminals  of  both  pressure  coils  should 
then  be  connected  to  similar  points  on  these  line  wires,  and 
terminal  C  of  each  instrument  should  then  be  connected  to 
the  remaining  line  wire.* 

If  both  instruments  now  indicate  positively,  the  sum  of 
the  readings  is  the  total  power  in  the  system.  If  both  indi- 
cate  negatively,  reverse  the  voltage  coils  of  both  and  add 
the  readings  as  before.  If  one  only  indicates  negatively, 
reverse  the  voltage  coil  of  that  one  and  take  the  difference 
of  the  readings. 

Great  care  should  be  exercised  to  connect  the  wattmeters 
symmetrically  with  regard  to  each  other.  Where  the  power 
is  sufficiently  steady,  one  wattmeter  only  may  be  used,  insert- 
ing it  successively  in  two  lines,  and  the  sum  (or  difference  as 
explained  above)  of  the  readings  taken.  To  facilitate  rapid 
changes  of  connections,  the  polyphase  board  shown  in  Fig. 
146  has  been  devised. 

Note  how  by  means  of  this  device  the  wattmeter  current 
coil  can  be  quickly  inserted  in  any  line  and  taken  out  again 
without  interrupting  the  current  through  the  line.     The 

*  Another  reliable  method  is  to  consider  each  wattmeter  to  be 
connected  positive,  when  it  indicates  positive  with  the  third  line 
open. 
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pressure  coil  may  also  be  connected  between  any  pair  of  line 
wires.  This  board  also  secures  symmetrical  attachment  of 
the  meter  to  all  the  lines. 


Incoming  S-phaae  leada 


B 


Fig.  146. 


•Outgoing  3-phaae  leads 

A  polyphase  board  for  connecting  one  wattmeter  quickly  and 
correctly  to  measure  3-pha8e  power. 


Prob.  28-4.  Each  lamp  in  Fig.  140  takes  4  amperes.  What 
will  a  wattmeter  indicate  when  the  current  coil  is  inserted  in  line 
A  and  the  voltage  coil  is  across  AC? 

Prob.  2^-4.  What  will  a  wattmeter  o/  Prob.  28  indicate  if  the 
current  coil  is  inserted  in  the  line  B  and  the  voltage  coil  is  across 
B  and  C;  all  connections  made  symmetrically  with  wattmeter  in 
Prob.  28. 

Prob.  30-4.  What  should  the  sum  of  the  two  wattmeter  indi- 
cations of  Prob.  28  and  Prob.  29  be? 

Prob.  81-4.  Each  lamp  in  Fig.  147  takes  a  ciurent  of  3  am- 
peres in  phase  with  the  voltage.  The  motor  is  a  5-h.p.  induction 
motor  running  at  full  load.  It  has  a  power-factor  of  80  per  cent  at 
full  load  and  an  efficiency  of  75  per  cent.  What  is  the  total  power 
supplied  to  the  lamps  and  the  motor? 

Prob.  82-4.  What  current  flows  in  each  line  wire  of  Prob.  31  at 
A,  B,  and  C? 
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Prob.  83-4.    What  will  wattmeter  Wi  erf  Mg.  147  indicate  with 
line  loaded  as  in  Prob.  31? 

Prob.  34-4.    What  wiU  wattmeter  Wt  of  Rg.  147  indicate  with   ^ 
line  loaded  as  in  Prob.  31? 


'^ 


K^ 


M 


Volta 


Fig.  147.    A  three-phase  alternating-current  circuit  "unsymmetrically 

loaded. 

Prob.  86-4.  What  will  ammeter  A3  and  voltmeter  V%  indicate  in 
Fig.  147  when  the  line  is  loaded  as  in  Prob.  31?  Assume  the  line 
resistance  to  be  negligibly  small. 

Prob.  36-4.  What  will  ammeter  Aa  and  voltmeter  F4  indicate  in 
Ilg.  147  when  the  line  is  loaded  as  in  Prob.  31?  Assume  the  line 
resistance  to  be  negligibly  small. 


Fig.  148.    A  three-phase  circuit  loaded  with  lamps  and  an  induction 

motor. 

Prob.  87-4.    What  is  the  power-factor  of  the  line  in  Fig.  147 
when  loaded  as  in  Prob.  31?    Assiune  that  the  power-factor  of  a 
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three-phase  system  means  the  number  by  which  the  total  volt- 
amperes  in  all  phases  must  be  multiplied,  to  find  the  total  efifective 
iratts  in  all  phases. 

Prob.  3a-4.  In  Fig.  148  wattmeter  Wt  indicates  8.42  kw.;  Wi 
indicates  0.61  kw.  The  power-factor  of  the  induction  motor  M  is 
72  per  cent.  The  lamps  each  have  the  same  current  and  imity 
power-factor.  Find  the  total  power  delivered  to  the  lamps  and 
motor. 

Prob.  39-4.  What  are  the  total  volt-amperes  and  amperes  in 
load  M  of  Prob.  38?  What  are  the  watts,  volt-amperes,  and  am- 
I>eres  in  each  lamp  of  loads  L  and  Tt 

Prob.  40-4*  What  current  flows  through  each  of  the  line  wires 
in  Prob.  38? 

Prob.  41-4.  What  is  the  power-factor  of  the  arrangement  in 
Prob.  38,  according  to  the  definition  given  in  Prob.  37? 

Prob.  42-4.  If  the  induction  motor  of  Prob.  38  has  an  efficiency 
of  80  per  cent,  at  what  horse  power  is  it  operating? 

42.  One-Wattmeter  Method:  Balanced  or  Slightly  Un- 
balanced Systems.  When  a  three-phase  three-wire  system, 
either  A-  or  Y-connected,  is  only  a  little  out  of  balance,  and 
merely  an  approximate  value  of  the  power  is  desired,  the 
one-wattmeter  method  is  sometimes  used,  on  account  of  its 
greater  convenience.    Fig.  149  shows  the  connections.    The 
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Fig.  149.    One-wattmeter  method  of  measuring  the  power  in  a  S-phase 
3-wire  system.    Terminal  C  is  attached  first  to  line  1,  then  to  line  3. 

current  coil  is  connected  in  one  line  wire,  say  No.  2.  The 
pressure  coil  is  connected  across  from  line  2  to  line  1,  a  read- 
ing is  taken,  and  then  the  terminal  of  the  pressure  coil  is 
quickly  transferred  from  line  1  to  line  3.  If  this  causes  the 
wattmeter  to  indicate  negatively,  the  connections  of  the 
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pressure  coil  are  reversed,  and  the  reading  then  obtained  is 
given  a  negative  sign.  The  algebraic  sum  of  the  two  read- 
ings taken  in  this  way  is  the  approximate  power  being  con- 
sumed by  the  load,  provided  that  the  phases  are  nearly 
balanced.  When  possible  it  is  generally  best  to  use  the  two- 
wattmeter  method,  which  is  accurate  for  a  three-wire  system 
under  all  conditions  of  balance. 

43.  Three-Wattmeter  Method:  Balanced  or  Unbalanced 
Systems.  If  the  neutral  point  of  a  three-phase  system  is 
available,  three  wattmeters  may  be  used  to  measure  the 
power  delivered.  It  is  necessary  merely  to  connect  the 
current  coils  of  the  three  wattmeters  respectively  into  the 
three  line  wires,  placing  the  pressure  coil  of  each  between 
one  end  of  the  current  coil  and  the  neutral  point.  If  no 
neutral  is  available,  an  artificial  neutral  may  be  constructed 
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FiQ.  150.  The  three-wattmeter,  method  of  measuring  power  in  a  3-wire 
3-phase  system.  The  point  0  is  the  artificial  neutral  formed  by  the 
three  equal  star-connected  resistances  YO^  ZO,  and  XO. 

by  joining  three  equal  non-inductive  resistances  in  star  and 
connecting  the  free  ends  to  the  system.  The  resistances 
must  be  high  enough  not  to  disturb  the  current  in  the  lines, 
by  drawing  an  appreciable  amount  from  the  line,  and  yet 
low  enough  to  be  practically  negligible  when  compared  with 
the  resistance  of  the  pressure  coils  of  the  wattmeters.  The 
three  wattmeters  as  used  with  their  artificial  neutral  (0), 
are  shown  in  Fig.  150. 
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Prob.  43-4.  Assume  that  in  Fig.  150  the  voltage  1-2  is  200 
volts;  3-1,  235  volts,  2-3,  220  volts.  What  will  be  the  voltage 
across  the  pressure  coil  of  each  wattmeter? 

Prob.  44-4.  Assume  that  each  lamp,  Fig.  150,  takes  10  amperes 
in  phase  with  the  voltage  across  it,  and  that  the  induction  motor 
M  takes  80  amperes  at  80  per  cent  power-factor. 

(a)  What  current  flows  in  each  line  wire? 

(5)  How  much  power  is  taken  altogether  by  the  lamps  and 
motor?    The  line  drop  is  negligibly  small. 

Prob.  45-4.  (a)  What  will  each  wattmeter  in  Fig.  150  indicate 
when  the  line  is  loaded  as  in  Prob.  43  and  44? 

(6)  Compare  the  total  wattmeter  indication  with  answer  to  Prob. 
44  (6). 

41.  Computation  of  Power  in  Pol]rpliase  Circuits.    In 

three-phase  circuits  we  have  seen  that  the  phase  difference 
between  the  line  current  and  the  line  voltage  is  not  the  same 
as  the  phase  difference  between  the  current  and  voltage  of 
the  coils  of  a  machine.  When  we  state  that  the  power- 
factor  of  a  machine  which  is  used  as  a  load  is,  say,  0.80,  we 
mean  that  the  power-factor  of  each  phase  of  the  winding 
of  that  machine  is  0.80.  Therefore,  when  cos  $  (the  cosine 
of  the  angle  representing  phase  difference  between  the  volts 
and  the  amperes)  is  used  as  the  power-factor,  the  angle  6  is 
the  angle  between  the  current  and  the  voltage  of  one  and  the 
same  coil  of  the  machine.  All  the  coils  of  a  machine  gener- 
ally have  the  same  power-factor;  but  if  there  is  a  slight 
variation,  the  average  is  used  in  finding  the  phase  difference 
between  the  volts  and  amperes  of  each  coil. 

The  power-factor  of  any  polyphase  system  is  really  and 
logically  the  ratio  of  the  total  effective  power,  or  total  watts, 
in  all  parts  or  phases  of  the  system,  to  the  total  apparent 
power,  or  total  volt-amperes.  Thus,  when  we  say  that  a 
three-phase  alternator  is  delivering  100  kw.  at  a  power- 
factor  of  80%,  we  mean  that 

WI+W2       +       WZ  ^QgQ 

EJi  +  E2I2  "f"  £^8^3 

and  '  Wi  +  W2  +  Wz=  100,000  watts 

=  100  kw.. 
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in  which  Wi,  JEi,  and  /i  are  the  effective  watts,  volts,  and 
amperes  in  one  and  the  same  wmdmg,  which  forms  one  of 
the  three  phases  of  the  machine. 

If  the  phases  were  all  alike  as  to  voltage  {Ei  =  ^2  =  Ez), 
and  amperage  (/i  =  h  =  h),  and  wattage  (TTi  =  W2  =  TFj), 
this  would  mean  that  they  must  also  be  aUke  as  to  power- 
factor  I WT"  =  ett"  =  'WT'h  ft^d  the  power-factor  of  the 

VJKflil        il>2i2        xisia/ 

whole  machine  would  be  exactly  the  same  as  that  of  each 
and  every  one  of  its  several  windings  or  phases.  But  if  the 
voltages  of  the  phases  are  unequal,  or  the  amperages  unequal, 
or  the  wattages  unequal,  it  is  often  difficult  or  impossible  to 
determine  the  power-factor  correctly;  and,  in  fact,  a  single 
value  of  power-factor  in  such  an  unbalanced  system  is 
practically  meaningless,  because  it  is  a  theoretical  and  ficti- 
tious quantity  which  does  not  actually  refer  to  any  of  the 
circuits  in  the  system.  It  simply  enables  us  to  determine 
the  size  of  the  machine,  approximately.  Thus,  in  the  case 
just  given,  the  alternator  would  have  to  be  of  sufficient 

size  to  be  rated  at  least  — ^  ^      =  125  kv-a.  capacity  from 

all  phases  together. 

The  data  from  which  we  must  calculate  power-factor  of  a 
pol3nphase  system  are,  usually,  the  current  in  each  line  wire, 
the  voltage  between  line  wires  and  the  total  effective  watts 
as  obtained  by  one  of  the  wattmeter  arrangements  just 
described.  Inequality  of  currents  or  of  voltages  indicates 
that  the  loads  or  power-factors  in  the  various  phases  of  the 
generator  or  motor  windings,  or  load  circuits,  are  unequal. 
It  is  a  common  practice  to  divide  the  total  effective  watts 
by  (V3  times  the  product  of  average  of  the  amperes  in  all 
line  wires  times  average  volts  between  all  pairs  of  line  wires). 
In  a  three-phase  system,  according  to  this  method: 

total  effective  watts 


Power-factor  = 


^  ^Jh  +  l2  +  h^Ei  +  Et  +  Ez\ 
V3X^ 3 X 3 ) 
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This  method  is  likely  to  give  a  very  inaccurate  value  when 
the  phases  are  much  out  of  balance;  that  is,  if  the  total  effec- 
tive watts  were  divided  by  the  system  power-factor  calculated 
by  this  method  under  such  conditions,  the  result  would 
not  be  the  total  volt-amperes  in  all  of  the  phases.  Never- 
theless, as  it  is  frequently  impossible  to  apply  a  wattmeter 
or  voltmeter  and  ammeter,  within  the  phases  of  the  system 
(as  indicated  in  Fig.  147),  some  approximate  method,  such 
as  that  given  above,  must  be  used. 

In  any  case  it  should  be  clearly  understood,  however,  that 
the  power-factor  of  a  polyphase  system  indicates  (more  or 
less  accurately,  depending  on  the  closeness  of  balance)  the 
phase  relation  of  the  current  in  each  phase  to  the  e.m.f.  in 
that  same  phase;  it  does  not  indicate  the  phase  relation 
between  the  current  in  a  line  wire  and  the  pressure  between 
two  line  wires.  For  instance,  in  case  of  the  three-phase 
100-kw.  alternator  referred  to,  the  power-factor  of  which 
corresponds  to  a  phase  difference  of  37°  (cos  37°  =  0.80), 
we  do  not  mean  that  the  current  in  the  line  wires  is  out  of 
phase  with  the  pressure  between  line  wires  by  37°,  but  we 
do  mean  that  the  current  in  each  phase  of  the  generator 
winding  lags  or  leads  37°  with  respect  to  the  voltage  across 
the  terminals  of  that  winding;  or,  that  if  all  the  apparatus 
with  which  the  line  is  loaded  were  replaced  by  one  large 
machine  taking  the  same  total  power  in  three'  balanced 
phases  with  the  same  average  current  per  line  wire  and 
same  average  pressure  between  line  wires,  the  current  in 
each  phase  of  the  winding  of  this  machine  would  lead  or  lag 
37°  with  respect  to  the  pressure  between  terminals  of  that 
phase. 

Using  these  facts,  we  can  easily  compute  the  current  in 
the  line  wires  of  the  above  3-phase  generator,  for  any  given 
voltage  between  wires. 

Example  8.  Let  us  assume  that  the  machine  used  as  a  load  in 
the  above  paragraph  is  a  A-connected  motor  taking  100  kw.  with 
an  0.80  power-factor  as  in  Fig.  151,  and  that  the  voltage  is  220  volts. 
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As  the  three  phases  are  generally  balanced,  and,  as  we  have  seen, 
the  whole  load  is  125  kv-a.,  the  apparent  power  taken  by  each  coii 
would  be 

^  =-41.7  kv-a. 


Ia"«  98S  Amp  A 


Ij-attAmp  gggoyoito 


I0— SSSAmp   C 


I 


Fig.  151.    A  100-h.p.  220-volt  induction  motor  with  an  0.80 

power-factor. 


-la^v 


Fig.  152a.    The  vector  /a  represents  the  current  in  the  line  wire  A, 

Fig.  151.    It  is  made  up  of  /i,  the  current  in  coil  1  of  the  motor 

,and  /t  the  current  in  coil  3  of  the  motor.    Note  that  the  cun^nt  /i  lags 

37^  behind  the  voltag^  Ei,  and  that  the  current  /<  lags  37"*  behind 

the  voltage  Et. 

The  current  through  each  phase  must  be     '       =  190  amperes. 
The  current  in  each  line  wire  of  a  balanced  3-phase  system, 
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A-connected,  equals  Vs  times  the  current  in  each  phase.    Thus 

the  current  in  the  line  here  equals  Vs  X  190  =  328  amperes. 
fig.  151  shows  the  diagram  of  connections  for  this  motor  and  Fig. 


Fig.  152b.  The  vector  h  is  the  current  in  the  line  B  and  is  made  up 
of  I\  and  Js,  the  currents  in  the  coils  1  and  2  respectively.  Note 
that  h  lags  37''  behind  Ei  and  that  h  lags  37''  behind  Et. 


Fig.  152c.  h  is  the  current  in  line  C  and  is  made  up  of  1%  and  /s,  the 
currents  in  coils  3  and  2  respectively.  Note  that  />  lags  37°  be- 
hind E%  and  that  h  lags  37"*  behind  Ev 

152a  is  the  vector  diagram  showing  the  current  in  the  coils  and  in 
one  line  wire.    The  voltage  vectors  E\  and  ^s  were  not  necessary 
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for  the  construction  but  were  put  in  to  ahow  what  the  power-fact*^ 
of  80  per  cent  meant;  that  is,  that  the  current  h  throi^jh  coil  1 
lags  37°  behind  the  voltage  E^  across  coil  1,  and  that  the  current  /» 
through  coil  2  lags  37°  behind  the  voltage  Et  of  coil  2,  etc. 

I^g.  152b  shows  how  the  currents  in  coib  1  and  2  combine  to 
produce  the  current  in  line  B.    Fig.  152c  shows  how  the  currents 


Fia.  162d.  Vector  diagram  showii^  currents  and  phase  relations  of 
currents  and  voltages  in  line  and  coils  of  motor.  TliiB  figure  com- 
bines Pig.  152a,  152b  and  I52c. 

in  the  coila  2  and  3  combine  to  produce  the  current  in  line  C.  Fig. 
152d  is  a  diagram  made  by  assembling  Fig.  152a,  152b,  and  152c. 
It  shows  the  phase  relations  of  the  currents  and  voltages  in  all  the 
coils  and  all  the  line  wires. 

Note  now  that  to  find  the  amperes  in  the  line  wires  of  a 
balanced  3-phase  A-connected  system,  we  divided  the  total 
vol^amiwres  by  3  and  then  by  the  volts,  and  multiplied  the 
result  by  VS. 
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That  IB,         /u«  =  ^^PPfJ°t  power. 

But  dividing  by  3  and  multiplying  by  Vs  is  the  same  as 

inultipl3ring  by-^-j    or    — 7=- 

o  V3 

Thus,  /  B«  =  ^PP^';yt  power. 

This  is  generally  written 

Apparent  power  =  V3EI, 

when 

E  —  voltage  across  any  pair  of  line  wires, 
/  =  current  through  one  line  wire. 

Since  effective  power  =  apparent  power  X  power-factor, 
effective  power  =  VJ  EI  X  power-factor. 

This  is  the  general  equation  for  a  balanced,  3-phase  system, 

A-  or  Y-connected. 

For  if  the  motor  in  the  example  were  Y-connected,  then 

220 
the  volts  across  each  coil  would  have  been— =  =  127  volts. 

V3 

The  apparent  power  taken  by  each  coil  =( — '- — ]=  41,700 

vol1>-amperes.    The  current  in  each  coil  would  have  been 

41,700  _^         ,^^,^ 
^f^^     =  o2o  amperes. 

But  in  a  Y-connection  each  lead  carries  the  same  current 
as  each  coil.  Thus  the  current  in  each  lead  =  328  amperes, 
as  in  the  case  of  a  A-connection.  ^ 

In  this  case,  to  find  the  current  in  each  line,  we  divided 
the  apparent  power  by  3,  and  then  divided  this  quotient  by 

(volts  \      rriL-    •    xi_                       IX-  1  •      /apparent  powerN 
— 7=- )•    This  IS  the  same  as  multiplying  i-^ ^— ^- j 

by  fj^V  giving  as  a  result  f 5PP^?5iP?!!:!r| . 
'  Vvol W  \    V3  X  volts    } 
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Thus,  /line  =  ^PP^^^^^  ^^^'  . 

This  as  above  is  seen  to  reduce  to 

effective  power  =  V3  £?une  /une  X  power-factor. 

Example  9.  What  power  does  a  balanced  3-pha8e  system  with 
90  per  cent  power-factor  deliver,  when  each  line  wire  carries  40 
amperes,  and  the  voltage  between  line  wires  is  6000  volts. 

EfiFective  power  =  's/ZEI  x  (power-factor) 

=  1.73  X  40X6000X0.90 
=  374  kw. 

Prob.  46-4.  How  much  current  does  each  lead  of  a  B-phase 
220-volt  induction  motor  carry,  if  the  motor  requires  12  kv-a.  to 
operate  it? 

Prob.  47-4.  How  much  power  does  it  take  to  operate  a  3-phase 
550-volt  induction  motor  at  full  load  if  each  lead  is  found  to  carry 
18  amperes,  and  the  power  factor  is  85  per  cent? 

Prob.  48-4.  A  3-phase  110-volt  5-h.p.  induction  motor  takes 
400  watts  at  no  load  with  a  power-factor  of  50  per  cent.  What 
current  does  it  take  from  each  line  wire  at  no  load? 

Prob.  49-4.  If  the  power-factor  of  the  induction  motor  of 
Prob.  48  rises  to  90  per  cent  at  full  load,  what  current  does  each 
lead  carry  at  full  load,  when  its  efficiency  is  85  per  cent  7 

46.  Parallel  Operation  of  Motors,  etc.  When  two  or 
more  3-phase  appliances  are  operated  in  parallel,  the  total 
power  taken  by  them  all  is,  of  course,  the  sum  of  the  power 
taken  by  each.  But  in  computing  the  current  in  the  line 
and  the  power  factor  of  the  combination,  it  is  easiest  to 
consider  but  one  phase  of  each  machine;  and  since  the 
machines  are  joined  in  parallel  these  phases  of  the  various 
appliances  are  in  parallel. 

Example  10.  For  example,  suppose  that  the  3-phase  induction 
motor  of  Example  8,  having  a  power-factor  of  80  per  cent  and 
taking  100  kw.,  were  operating  on  the  same  220-volt  line  with  a 
3-phase  synchronous  motor  taking  100  kw.  at  90  per  cent  power- 
factor,  current  leading.  Find  the  line  current  and  power-factor  of 
the  load. 
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In  Fig.  153,  M  represents  the  induction  motor  and  N  the  S3m- 
chronous  motor.  We  have  computed  on  page  194  by  means  of  a 
vector  diagram  that  the  current  in  each  coil  of  the  induction  motor 


u 


B 


FiQ.  153.  The  100-kw.  synchronous  motor  N  with  a  0.90  leading 
power-factor  is  connected  in  parallel  with  the  100-kw.  induction 
motor  M  with  a  lagging  power-factor  of  0.80. 

M  was  190  amperes,  and  that  it  lagged  37^  behind  the  voltage 
across  the  same  coil. 
For  the  synchronous  motor  N, 

.    ^         effective  power  watts 

power-factor  = -^ =  — r- 

apparent  power      volt-amperes 


Thus,  total  volt-amperes  = 


watts 


power-factor 
100X1000 


0.90 
=  111,000. 


In  each  coil. 


volt-amperes  = 


111,000 


=  37,000. 


Current  through  each  coil. 


amperes  — 


volt-amperes 

volts 
37,000 


220 


=  168. 
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By  means  of  the  diagram  of  comiections  for  the  synchronous 
motor  N  (Fig.  154)  and  the  vector  diagram  (Fig.  155),  we  see  that 

the  current  which  each  lead  I/,  S  and  T  must  carry  equals  Vs  X 
168  amp.,  or  292  amp.    The  voltage  vectors  Ei  and  Ei  do  not  help 


Iu»4W  Amp        U 


It"  m  Amp        T 


I 

ui 


1 


Ig—  m  Amp        S 


I 


% 1 


Fig.  154.    The  internal  connections  and  the  current  distribution  in 

the  synchronous  motor  N  of  Fig.  154. 


the  above  solution,  but  are  added  to 
90  per  cent  means  a  phase  difference 


Fig.  156.  The  vector  /o  represents 
the  current  in  the  lead  wire  Uy  and 
is  made  up  of  /i,  the  current  in  coil 
1  and  /a,  the  current  in  coil  3. 
Note  that  h  leads  Ei  by  26°  and  U 
leads  Et  by  26°  and  1%  leads  Ei  by 
26°.  Note  also  that  /» lags  4° 
behind  Ei, 


show  that  the  power-factor  of 
of  approximately  26**  between 
the  current  in  a  coil  and  the 
voltage  across  that  coil.  Note 
that  in  the  s3nichronous 
motor  a  power-factor  less 
than  unity  usually  means  a 
leading  current  (see  "  Second 
Course"),  and  that  here 
the  current  is  26^  ahead 
of  the  corresponding  voltage. 
The  resulting  current  lu  ^ 
the  terminal  wire  U  is  seen  to 
be  4^  behind  the  voltage  E\ 
across  coil  1. 

From  Fig.  152,  we  see 
that  in  the  case  of  the  induc- 
tion motor  the  terminal  wire 
A  is  taking  328  amperes  from 
the  same  line  wire  X.  But 
this  current  of  328  amperes 
lags  67**  behind  the  voltage 
across  coil  1. 
The  voltage  across  coil  1  of 
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each  machine  is  the  voltage  between  the  line  wires  Y  and  X,  Thus, 
the  line  x  furnishes  the  synchronous  motor  N  with  a  current  of  292 
amp.  4^  behind  the  voltage  between  X  and  Y,  and  it  furnishes  the 
induction  motor  M  with  a  current  of  328  amp.  37^  behind  the 
voltage  between  X  and  F. 

Construct  Fig.  156,  letting  the  vector  J^i  represent  the  direction 
of  the  voltage  between  X  and  Y.  /^  represents  328  amperes,  the 
current  in  the  lead  wire  A  of  the  induction  motor,  and  is  drawn 
67**  behind  the  voltage  vector  Ei,  lu  represents  292  amperes,  the 
current  in  the  lead  wire  XJ  of  the  synchronous  motor,  and  is  drawn 
4**  behind  the  voltage  vector  Ei, 

The  resultant  of  these,  Ixy  represents  the  current  which  the  line 
wire  X  carries  in  order  to  supply  these  two  motors. 


Fig.  156.  The  vector  /«  represents  the  current  in  the  line  wire  X  of 
Fig.  153.  This  line  current  is  a  combination  of  /^,  the  current  in 
lead  wire  A  of  the  induction  motor  My  and  lu  the  current  in  the  lead 
wire  U  of  the  synchronous  motor  N, 


/t  = 


/^+/i  +  2/^7^cos63'' 

292^  +  328*  +  2  X  292  X  328  X  0.454 

280,000, 

\/280,000 


»  529  amperes. 
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As  the  current  in  all  the  leads  to  each  motor  is  the  same  and  at 
the  same  phase  angle  to  the  corresponding  voltage  as  shown  in  Fig. 
152  and  155,  the  current  in  each  of  the  hne  wires  Z,  F,  and  Z  would 
be  529  amperes.  To  find  the  power-factor  of  the  combination, 
or  the  power-factor  of  the  three-phase  S3rstem,  we  have  merely  to 
divide  die  total  effective  power  by  the  total  apparent  power. 

Effective  power  =  100  +  100 

=  200  kw. 

Apparent  power  =  Vs  X  529  X  220 

=  201.6  kv-a. 

Power-factor  = 


201.6 
=  99.3  per  cent. 

The  same  result  might  be  obtained  by  a  longer  method  consist- 
ing of  finding  the  phase  difference  between  the  resulting  current 
produced  by  joining  corresponding  phases  together,  and  the  re- 
sulting voltage  across  the  same  combination.  Thus  coil  No.  1  of 
both  the  induction  motor  and  the  synchronous  motor  are  really 
in  parallel  across  the  line  wires  X  and  F,  which  have  the  pressure 
of  E\^  or  220  volts,  between  them. 

Draw  Fig.  157,  letting  Ei  represent  the  voltage  across  the  parallel 
combination  of  the  coils  No.  1  of  each  machine.    Take  /i  jif  =  190 


Fig.  157.  The  vector  /  represents  the  current  which  results  when 
IiK,  the  current  through  coil  /  of  the  synchronous  motor  iV,  is  com- 
bined with  /i  My  the  current  through  coil  1  of  the  induction  motor  M, 
It  represents  the  resulting  current  which  must  be  supplied  to  three 
such  pairs  of  coils. 

amp.,  from  the  vector  diagram  Fig.  152,  to  represent  the  current 
in  the  coil  1  of  the  induction  motor  M,  Note  that  it  lags  37**  be- 
hind El  in  Fig.  152,  so  it  must  lag  37°  behind  Ei  in  Fig.  157.  Take 
vector /li^  =  168  amp.  from  Fig.  155,  to  represent  the  current  in 
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the  coil  No.  1  of  the  synchronous  motor.  Note  that  in  Fig.  155  it 
leads  El  by  26**,  so  it  must  lead  Ei  by  26**  in  Fig.  157.  Complete 
the  parallelogram  and  find  the  resulting  current  I,  as  follows: 

P  =  Pin  +  I\m  +  2IinX  IiM  X  cos  63** 
=  190*  +  168^  +  2  X  168  X  190  X  0.454 
=  93,300, 

/=  V93,300 
=  305.5  amperes. 

The  angle  between  this  resulting  current  /  through  the  combina- 
tion, and  the  voltage  Ei  across  the  combination,  is  0,  The  corre- 
sponding power-factor  equals  cos  6.  The  value  cos  6  can  be  found 
as  follows: 

OH 
Draw  the  line  IH  perpendicular  to  ^i.    Then  cos  ^  =  ^ry-» 

OH  =  OIiN  cos  26^  +  01  iM  cos  37°, 
OH  =  168  X  0.9  +  190  X  0.8  =  303.2, 

OH  ^  303.2 
01  "  305.5' 

303 
cos  ^  =  ^rz~  =  99.3  per  cent. 
oUo 

Since  the  combination  of  the  No.  1  phases  in  N  and  M  is 
exactly  similar  to  the  combination  of  the  No.  2  phases  in  N  and 
M  and  of  the  No.  3  phases  in  N  and  Af ,  it  follows  that  each 
phase  of  the  line  XYZ  must  deliver  a  total  current  of  305.5 
amperes  to  a  total  equivalent  delta-cormected  load.  There- 
fore, the  current  in  each  of  the  line  wires  XYZ  must  be  equal 
to  (V3  X  305.5),  or  529  amperes.  This  checks  our  result 
previously  obtained.  It  is  common  practice,  in  applying  this 
method  and  drawing  a  diagram  like  Fig.  157,  to  multiply 
IiN  and  IiM  each  by  VS  before  combining  them;  then  the 
resultant  gives  the  current  in  each  line  wire  directly,  without 
applying  the  Vs  factor  as  above.  Obviously,  it  is  immaterial 
to  the  final  value  of^  line  current,  when  we  perform  this 
multiplication  by  VS,  provided  we  do  it  correctly.    The 
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quantity  VZIin  =  1.73  X  168  =  292  amperes  is  called  the 
equivalent  single-phase  amperes  of  the  motor,  because  it  is 
the  current  which  a  single-phase  motor  would  have  to  take 
^from  a  single-phase  line  to  get  the  same  total  effective  watts 
at  the  same  voltage  between  line  wires,  and  the  same  power- 
factor. 

This  latter  method  niakes  use  of  the  fact  that  the  power- 
factor  of  a  line  is  the  cosine  of  the  angle  of  phase  difference 
between  the  resultant  current  in  a  combination  of  parallel 
load  circuits,  and  the  voltage  across  the  combination.  The 
first  method  is  based  on  the  simpler  fact  that  the  power 
factor  is  always  the  ratio  of  the  effective  power  to  the  ap- 
parent power. 

Still  another  method  may  be  used  by  combining  directly 
the  true  power  and  the  apparent  power  as  vectors  and  find- 
ing their  resultant  as  explained  on  page  176. 

This  example  also  shows  how  a  synchronous  motor  load 
may  be  used  to  offset  an  induction  motor  load  and  thus 
better  the  power-factor  of  the  line.  Note  that  the  power- 
factor  of  the  line  is  higher  when  the  synchronous  motor 
(taking  leading  current)  is  operating  in  parallel,  than  when 
the  induction  motor  (taking  lagging  current)  operates  alone. 

Note  that  to  supply  the  100  kw.  to  the  induction  motor 
alone  the  line  wires  each  had  to  carry  328  amperes.  But  to 
supply  both  the  induction  motor  and  the  S3rnchronous  with 
200  kw.  (twice  the  load)  529  amperes  had  to  be  carried  by 
the  line  wires.  That  is,  to  transmit  double  the  power  at 
the  same  voltage  only  about  one  and  one-half  as  much 
current  was  used,  because  of  the  improved  power  factor. 
Thus  comparatively  smaller  line  wires  may  be  used. 

Prob.  60-4.  At  a  certain  woolen  mill  a  600-kv-a.  synchronous 
motor  is  used  to  improve  the  power-factor  of  a  1050-kw.  induction 
motor  load  which  has  a  power-factor  of  64  per  cent.  At  what 
power-factor  does  the  synchronous  motor  operate  if  it  raises  the 
total  power-factor  to  85  per  cent  when  loaded  to  take  20(>-kw. 
effective  power?   Use  3-phase  for  convenience  in  solving  at  550  volts. 
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Prob.  61-4.    A  500-kv-a.  3-phase  440-volt  synchronous  motor 
is  operated  at  rated  kv-a.  at  84  p^r  cent  leading  power-factor  in  i 
parallel  with  3-phase  440-volt  induction  motors  totding  1000  kv-a. 
at  80  per  cent  power-factor.^    What  is  the  power-factor  of  the 
combination? 


Prob.  62-4.     What  will  each  wattmeter  indicate  in  Fig.  158?  -Y* 
(Elec.  Journal,  1907). 

Prob.  68-4,    Fmd  current  in  each  lead  in  Fig,  159.    (Elec.  Jour- 
nal, 1907.) 
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Fig.  158.    Two-wattmeter  method,  of  measuring  arc.  power  in  three- 
phase  circuits. 


FkG.  159.    An  unbalanced  load  on  a  three-phase  three-wire  system. 


SUMMARY  OF  CHAPTER  IV 

THE  AVERAGE  POWER  delivered  when  the  alternating 
current  and  pressure  are  IN  PHASE  equals  the  product  of  the 
effective  volts  times  the  effective  amperes.    That  is, 

P  =  EL 

WHEN  THERE  IS  A  PHASE  DIFFERENCE  BETWEEN 
CURRENT  AND  PRESSURE,  of  90^  no  power  is  being  de- 
livered. All  the  energy  going  from  the  generator  is  returned 
to  it  during  each  cycle. 

WHEN  THE  PHASE  DIFFERENCE  between  the  current 
and  voltage  is  6°,  the  power  delivered  equals  the  effective  volts 
times  the  effective  amperes  times  the  factor,  cos  6.  The 
equation  is 

P  =  EI  cos  6. 

POWER-FACTOR  is  the  name  given  to  the  term  cos  0. 

APPARENT  POWER  is  the  name  given  to  the  expression 
EI,  and  the  units  are  called  VOLT-AMPERBS,  to  distinguish  from 
watts,  which  is  reserved  to  mean  effective  power. 

^^«r«^  ^^^^^-w^       effective  power  watts 

POWER-FACTOR  =  -^ =  — r;^ • 

apparent  power      volt-amperes 

The  power-factor  equals  unity  when  the  pressure  and  current 
are  in  phase,  and  zero  when  there  is  a  phase  difference  of  90"^ 
between  them.         ^ 

REACTIVE  AND  POWER  COMPONENT.  Any  alter- 
nating current  may  be  considered  to  be  made  up  of  two  parts 
having  90^  phase  difference.  One  part,  the  POWER  COMPO- 
NENT is  in  phase  with  the  pressure  and  equals  the  current 
times  the  cosine  of  the  angle  of  phase  difference  between  the 
current  and  the  voltage.  The  product  of  this  component  and 
the  voltage  measures  the  effective  power,  or  watts. 

POWER  COMPONENT  =  I  COS  e. 

Watts  =  power  component  of  current  x  voltage  =  E  X I  cos  6. 

The  other  component  lags  or  leads  90^  from  the  voltage  and 

is  equal  to  the  current  times  the  sine  of  the  angle  of  phase 
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difference  between  the  current  and  voltage.  This  is  called  the 
REACTIVE  COMPONENT  of  the  current,  and  no  power  is  de- 
livered by  it. 

REACTIVE  COMPONENT  =  I  sin  0. 

Reactive  volt-amperes  =  reactive  component  of  current  X 

voltage  =  £1  sin  0. 

THE  POWER  TAKEN  BY  AN  APPLIANCE  CARRYING 
ALTERNATING  CURRENT  IS  MEASURED  by  means  of  a 
wattmeter,  one  coil  of  which  carries  the  current  which  is  flow- 
ing through  the  appliance,  the  other  coil  receiving  the  pressure 
that  is  across  the  appliance.  The  wattmeter  reads  the  prod- 
uct of  the  volts  times  the  amperes  times  the  power-factor  of 
that  part  of  the  circuit  to  which  it  is  applied. 

THE  POWER  IN  ANY  POLYPHASE  SYSTEM  equals  the 
sum  of  the  power  in  all  phases,  measured  separately. 

TO  MEASURE  THE  POWER  IN  A  3-PHASE  3-WIRE 
SYSTEM,  two  wattmeters  are  generally  used.  The  current-coil 
of  one  wattmeter  is  placed  in  one  line  wire,  and  the  current- 
coil  of  the  other  instrument  is  placed  exactly  symmetrically  with 
regard  to  connections,  in  either  of  the  other  two  lines.  One 
end  of  the  pressure-coil  of  each  instrument  is  then  connected 
to  the  same  line  as  the  current-coil,  and  the  other  end  to  the 
third  line  wire.  If  the  instruments  both  indicate  negatively, 
the  voltage  coil  of  each  is  reversed,  and  the  readings  added  to 
find  the  total  power  in  the  3-phase  circuit.  If  one  instrument 
only  is  negative,  the  voltage  coil  of  that  instrument  is  reversed 
and  the  difference  of  the  readings  taken.  If  both  indicate 
positively,  the  reading;s  are  added. 

TO  COMPUTE  THE  POWER  IN  A  BALANCED  3-PHASE 
CIRCUIT,  multiply  the  product  of  the  effective  volts  between 
the  line  wires  by  the  effective  current  in  each  line  wire,  by 

V3  and  by  the  power-factor. 

P  =  V3  IE  X  (power-factor). 

The  powAr-fflrtftr  herp  JR  tl^ft  rftgin^  ftf  tTift  fltijr^e  of   Phase 

ity^^^f  e  between  the  current  in  ^^cj^  coil  of  the  load  and  the 
voltage  across  that  coiL 


PROBLEMS  ON  CHAPTER  IV 

Prob.  64-4.  What  power  is  consumed  by  a  coil  the  impedance 
of  which  is  40  ohms,  and  power-factor  70  per  cent,  when  an  alter- 
nating pressure  of  220  volts  is  maintained  across  it? 

Prob.  66-4.  What  power  is  consumed  by  a  starting  resistance 
of  40  ohms,  non-inductive,  when  an  alternating  voltage  of  220  volts 
18  maintained  across  it? 

Prob.  66-4.  What  power  would  be  consumed  if  the  coil  and  re- 
sistance of  Prob.  54  and  55  were  in  parallel  across  the  220-volt  line? 

Prob.  67-4.  What  would  be  the  power-factor  of  the  line,  in 
Prob.  56? 

Prob.  6d-4.  What  would  be  the  resultant  current  in  the  line 
in  Prob.  57,  and  what  would  be  the  phase  difference  between  the 
line  current  and  the  line  voltage? 

Prob.  69-4.  A  generator  is  suppl3dng  two  induction  motors  in 
parallel  which  take  7  kv-a.  each  at  220  volts.  Each  has  a  power 
factor  of  80  per  cent,  lagging  current.  What  is  the  total  kv-a. 
output  of  generator?  Total  watts  output?  Power-factor  of  line? 
What  is  the  current  in  each  line  wire  if.  system  is  single-phase?  If 
the  system  is  two-phase  four-wire?  If  system  is  three-phase  three- 
wire? 

Prob.  60-4.  In  order  to  improve  the  power  factor  of  the  above 
line,  one  of  the  induction  motors  is  exchanged  for  a  B3rnchronous 
motor  which  carries  the  same  load  but  takes  a  leading  current. 
If  the  power-factor  of  the  synchronous  motor  is  adjusted  to  90  per 
cent,  what  apparent  load  in  kv-a.  must  the  motor  take  in  order  to 
make  the  power-factor  of  the  line  unity? 

Prob.  61-4.  (a)  Compare  thfe .  apparent  power  supplied  by 
generator  in  Prob.  59  with  that  supplied  in  Prob.  60?  What 
becomes  of  the  difference? 

(6)  Compare  the  current  supplied  by  the  generators  under  the 
concUtions  of  the  two  problems,  assuming  a  three-phase  system. 

Prob.  62-4.  An  induction  motor  taking  a  lagging  line  current 
of  20  amperes  with  a  power-factor  of  75  per  cent  is  connected  in 
parallel  with  a  synchronous  motor  taking  a  leading  line  current  of 
35  amperes  with  a  power-factor  of  85  per  cent.  What  current  flows 
in  each  wire  of  the  three-phase  line  which  supphes  the  two  motors? 
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Prob.  63-4.  The  line  voltage  in  Prob.  62  is  220  volts.  What  is 
the  phase  difference  between  the  current  in  each  line  wire  and  the 
pressure  between  this  wire  and  each  of  the  other  line  wires? 

Prob.  64-4.  From  the  Une  voltage,  current  per  line  wire  and 
phase  relations  found  in  Prob.  63  compute  total  power  taken  by 
motors. 

Prob.  66-4.  Check  the  value  of  total  power  taken  by  motors 
computed  as  in  Prob.  64,  by  the  sum  of  values  computed  for  each 
separately  from  data  in  Prob.  62  and  63. 

Prob.  66-4.  In  a  two-phase  motor  having  a  power-jFactor  of 
85  per  cent,  the  two  phases  are  balanced  and  entirely  separate. 
At  full  load  it  takes  15  amperes  at  220  volts  in  each  phase.  What 
power  does  it  consume  at  this  load? 

Prob.  67-4.  If  the  motor  of  Prob.  66  has  an  efficiency  of  90 
per  cent,  what  is  its  rating  in  horse  power? 

Prob.  68-4.  If  the  motor  in  Prob.  66  were  run  on  a  3-wire 
2-pha8e  system,  what  ciurent  would  each  line  wire  carry? 

Prob.  69-4.  A  15-h.p.  2-phase  4-wire  induction  motor  is  guar- 
anteed to  have  a  power-factor  of  86  per  cent  and  an  efficiency  of 
88  per  cent  at  full  load.  What  ciurent  does  each  line  wire  carry, 
if  line  voltage  is  230  volts? 

Prob.  70-4.  What  current  would  each  line  wire  carry  if  the 
motor  in  Prob.  69  were  used  on  a  3-wire  2-phase  system  with  the 
same  voltage  across  each  phase  in  the  motor? 

Prob.  71-4.  (a)  Show  how  you  would  connect  the  proper  in- 
struments to  measure  the  power  taken  by  the  motor  of  Prob.  70. 

(6)  Assiuning  a  power  factor  of  86  per  cent  for  each  coil,  what 
would  the  total  power  be? 

Prob.  72-4.  In  Fig.  160  the  lamps  are  Y-connected  and  a 
neutral  wire  brought  out  from  their  common  juncture  to  neutral 
of  the  generator.  Each  lamp  takes  5  amperes  at  unity  power- 
factor.    What  current  flows  in  each  line  wire? 

Prob.  78-4.  (a)  What  total  power  is  consumed  by  the  lamps 
in  Prob.  72? 

(6)  What  is  the  power  factor  of  the  line  if  this  is  the  total  load? 

Prob.  74-4.  In  the  place  of  Group  III  of  Prob.  72,  a  single- 
phase  3-h.p.  induction  motor  with  82  per  cent  power-factor  and 
75  per  cent  efficiency  is  inserted  taking  the  same  current. 

(a)  What  power  is  taken  by  the  motor? 

(6)  What  total  power  is  delivered  to  the  system? 


210 


ALTERNATING-CURRENT   ELECTRICITY 


Prob.  75-4.  What  current  flows  in  each  line  wire  of  Prob.  74, 
the  e.m.f/s  of  the  three  phases  being  held  120°  apart  by  the  neu- 
tral connection? 

Prob.  76-4.  Calculate  the  power-factor  of  the  entire  polyphase 
S3rstem  of  Prob.  74,  by  two  methods,  as  follows: 

(a)  Dividing  total  efifective  watts  in  all  phases,  by  the  total  ap- 
parent watts  in  all  phases. 

(6)  Dividing  total  effective  watts  by  Vs  times  average  line  cur- 
rent times  average  voltage  between  line  wires.  Compare  these  two 
values  of -system  power-factor. 
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Fig.  160. 


The  three  banks  of  lamps  are  Y-connected  to  a  4-wire 

d-phase  system. 


Prob.  77-4.  (a)  How  many  watts  would  be  indicated  by  a 
wattmeter  which  has  its  current  coil  connected  in  line  A  (Fig.  159) 
and  its  pressure  coil  between  A  and  Bl 

(6)  With  current  coil  in  A  and  pressure  coil  between  A  and  C? 

(c)  Sum  of  these  readings,  or  total  power  accordmg  to  single- 
wattmeter  method? 

Prob.  78-4.  (a)  How  many  watts  would  be  indicated,  with  cur- 
rent coil  of  wattmeter  in  line  B  (Fig.  159)  and  pressure  coil  between 
Band  A? 

(6)  With  current  coil  in  line  C  and  pressure  coil  between  C  and  At 

(c)  Simi  of  these  two  readings,  or  total  power  according  to  the 
two-wattmeter  method? 

Prob.  7^-4.  (a)  How  many  watts  would  be  indicated,  with  cur- 
rent coil  in  line  A  (Fig.  160),  and  pressure  coil  A  to  iV? 

(6)  With  current  coil  in  B  and  pressure  coil  B  to  N? 

(c)  With  ciurent  coil  in  C  and  pressure  coil  C  to  N? 

(d)  Sum  of  these  three  readings,  or  total  power  accordmg  to  the 
three-wattmeter  method? 
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Prob.  80-4.  If  the  current  flowing  in  Prob.  115-3  is  3.5  amp., 
and  is  in  phase  with  the  voltage  of  AiBi,  what  power  is  delivered 
by  the  series  circuit? 

Prob.  81-4.    What  power  is  delivered  by  coil  AiBi  of  Prob.  80-4? 

Prob.  82-4.  What  power  is  deUvered  by  coil  A^Bi  of  Prob. 
80-4? 

Prob.  83-4.  (a)  What  power  is  delivered  by  coil  A9B9  of  Prob. 
80-4? 

(b)  Compare  the  sum  of  the  answers  to  Prob.  81,  82,  and  83  with 
the  answer  to  Prob.  80. 

Prob.  84-4.  Assume  the  current  in  the  combination  of  Prob. 
121-3  to  be  in  phase  with  the  voltage  across  A2B2  reversed,  what 
are  the  power-factors  of  each  coil  and  of  the  whole  combination? 

Prob.  86-4.  Assume  that  a  lagging  current  of  4  amperes  flows 
through  the  circuit  of  Prob.  125-3.  The  average  power  delivered 
by  the  combination  is  500  watts.  What  is  the  power-factor  of  the 
combination? 

Prob.  86-^.  What  is  the  angle  of  lag  between  the  current  and 
voltage  in  each  coil  of  Prob.  85-4,  and  between  the  current  and 
the  resulting  voltage? 

Prob.  87-4.  How  much  power  is  consumed  by  the  first  part  of 
the  circuit  of  Prob.  127-3? 


Fig.  161.  The  three-phase  three- wire  system  in  delivering  power  to 
four  lamp  groups.  Two  wattmeters  are  being  used  to  measure  this 
power. 

Prob.  88-4.    How  much  power  is  consumed  by  the  second  part 
of  the  circuit  of  Prob.  127-3? 

Prob.  89-4.    How  much  power  is  consumed  by  the  circuit  of 
Prob.  127-3? 
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Prob.  90-4.  In  Fig.  161  each  lamp  takes  4  amperes  in  phase 
with  the  voltage  across  it.  What  power  does  the  line  deliver  to 
the  four  groups? 

Prob.  91-4.    What  current  flows  in  each  Une  wire  of  Prob.  90-4? 

Prob.  92-4.  What  would  each  wattmeter  in  Fig.  161  indicate, 
if  the  line  were  loaded  as  in  Prob.  90-4? 

Prob.  98-4.  A  single-phase  5-h.  p.  motor  with  85  per  cent  power 
factor  is  represented  by  Af ,  Fig.  162.    A  three-phase  10-h.p.  motor 
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Fig.  162.  M  represents  a  single-phase  induction  motor.  T  represents 
a  three-phase  induction  motor.  The  two  wattmeters  measure  the 
power  taken  by  these  two  motors. 

with  80  per  cent  power-factor  is  represented  by  T,  The  single- 
phase  motor  has  an  efficiency  of  83  per  cent;  the  3-phase  of  90  per 
cent.  What  total  power  is  being  supplied  to  the  two  motors  when 
both  are  operating  at  full  load? 

Prob.  94-4.  What  is  the  power-factor  of  the  entire  arrangement 
in  Prob.  93? 

Prob.  96-4.    What  current  flows  in  each  line  wire  of  Prob.  93? 

Prob.  96-4.  What  will  be  the  reading  of  each  wattmeter  in 
Fig.  162  when  the  line  is  loaded  as  in  Prob.  93? 

Prob.  97-4.  (a)  What  must  be  the  load,  in  kv-a.,  of  the  syn- 
chronous motor  in  Prob.  60,  in  order  to  take  the  same  power  as 
the  induction  motor  which  it  replaces,  and  also  to  make  the  power 
factor  of  the  entire  system  100  per  cent? 

(6)  At  what  power-factor  must  this  synchronous  motor  operate? 

(c)  Should  it  be  adjusted  to  take  leading  current  or  lagging 
current? 


CHAPTER  V 

INDUCTIVE  REACTANCE 

In  studying  the  relation  between  a  uni-directional  electro- 
motive force  and  the  direct  current  which  this  e.m.f.  can 
force  through  a  given  circuit,  we  learned  that  for  any  par- 
ticular circuit  this  relation  was  fixed;  that  is,  the  voltage 
across  the  circuit  divided  by  the  current  in  that  circuit 
always  gave  the  same  numerical  value,  which  we  called  the 
resistance  of  the  circuit.  We  have  then  defined  the  resist- 
ance of  a  direct-current  circuit  as  the  ratio  of  the  voltage  to 
the  current  which  the  voltage  can  force  through  it,  or 

resistance  (in  ohms)  =  volts  per  ampere. 

When  we  took  up  the  relation  between  an  alternating 
e.m.f.  of  a  given  frequency  and  the  alternating  current 
which  this  e.m.f.  can  force  through  a  given  circuit,  we  saw 
that  there  was  also  a  fixed  ratio  between  these,  but  that  this 
ratio  was  not  necessarily  the  same  as  the  ratio  between  a 
direct  e.m.f .  and  a  direct  current  in  the  same  circuit.  There- 
fore, we  called  the  ratio  of  volts  to  amperes  in  an  a-c.  circuit 
the  impedance  of  the  circuit  in  order  to  distinguish  it  from  the 
ratio  of  the  direct  voltage  to  the  direct  amperes,  or  the  resist- 
ance. Both  the  resistance  and  the  impedance  are  measured 
in  ohms.  It  is  the  purpose  of  this  chapter  to  explain  one  of 
the  causes  for  this  difference  between  the  impedance  of  a 
circuit  carrying  a-c.  power,  and  the  resistance  of  the  same 
circuit  carrying  direct-current  power. 

Suppose  that  we  take  for  our  first  test  circuit,  one  mile  of 

No.  18  copper  wire,  which  has  a  resistance  of  33.6  ohms  per 

mile.    Let  us  string  this  up  as  a  half-mile  ''line  and  return," 

with  the  far  ends  joined,  and  the  near  ends  across  the  termi- 
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nals  of  a  110- volt  d-c.  generator.  A  d-c.  ammeter  inserted 
in  the  line  would  read  3.27  amperes,  a  current  which  this  line 
could  carry  comfortably.  That  is,  the  resistance  which  this 
mile  of  wire  offers  to  the  flow  of  a  direct  current  equals 

y^,  or  33.6  ohms.    If  we  now  connect  the  near  ends  across 

the  terminals  of  a  llO-volt  60-cycle  a-c.  generator,  and  insert 
an  a-c.  ammeter  in  the  line,  this  meter  would  also  read  3.27 
amperes.  That  is,  the  impedance  which  this  mile  of  line 
wire  offers  to  the  flow  of  an  alternating  current  also  equals 

=-=,  or  33.6  ohms.    Note  that  this  is  exactly  equal  to  the 

resistance  which  it  offers  to  a  direct  current. 

For  our  second  test  circuit,  let  us  take  345  ft.  of  No.  12 
copper  wire  with  a  cotton  cover  and  string  it  up  as  '*  line 
and  return."  This  wire  has  a  resistance  of  0.55  ohm,  so 
that  we  would  not  be  safe  in  placing  the  ends  across  a 
llO-volt  d-c.  generator  as  before.  If  we  did  this,  it  would 
allow  about  200  amperes  to  flow,  which  would  bum  up  the 
wire.  Therefore,  let  us  put  only  11  volts  across  it.  An 
ammeter  would  now  indicate  20  amperes,  a  safe  current 
for  this  wire  strung  up  as  a  line  in  free  air.  The  resist- 
ance is  \^j  or  0.55  ohm.  Similarly,  we  would  not  be  safe 
in  placing  this  wire  across  the  terminals  of  a  llO-volt  60- 
cycle  a-c.  generator,  as  approximately  200  amperes  would 
flow.  Accordingly  we  will  try  11  volts  alternating  current, 
at  the  same  frequency  of  60  cycles.  An  a-c.  ammeter  would 
read  about  20  amperes,  showing  that  the  impedance  of  the 
wire  so  arranged  is  approximately  the  same  as  the  resistance; 
ii,  or  0.55  ohm.  But  now  let  us  wind  this  same  wire  on  a 
round  wooden  core  20  inches  long  and  l\  inches  diameter. 
There  would  be  730  turns  on  this  core,  which  would  consti- 
tute a  weak  electromagnet,  as  in  Fig.  163.  If  we  put  the 
coil  across  the  11  volts  direct  current,  as  we  did  the  straight 
wire,  an  ammeter  would  still  indicate  20  amperes,  showing 
that,  in  shaping  the  wire  into  a  weak  electromagnet,  we  have 
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not  changed  in  the  sUghtest  the  resistance  which  it  offers  to 
the  flow  of  a  direct  current.  The  resistance  is  still  ]^  or 
0.55  ohm. 

But  if  we  put  it  across  the  11  volts  alternating  at  60 


^>.  730  Turns-/ 

Fig.  163.    A  weak  electromagnet  made  by  winding  wire 

on  a  wooden  core. 

cycles,  we  find  that  an  a-c.  ammeter  indicates  a  little  less, 

11 
— about  16.7  amperes.    The  impedance  has  become  j^,  or 

0.66  ohm.  Without  changing  the  wire  in  any  way  except 
to  wind  it  into  the  form  of  a  weak  electromagnet,  we  have 
increased  the  impedance  about  20  per  cent,  while  the  re- 
sistance has  not  been  changed  in  the  slightest  degree. 

Suspecting  that  the  magnetic  feature  of  the  coil  may  have 
some  influence,  let  us  make  as  strong  a  magnet  as  is  con- 
vwiient,  of  the  same  dimensions  as  the  coil  with  the  wooden 
core.  We  will,  accordingly,  wind  the  345  ft.  around  a  soft 
iron  ring  of  5-in.  inside  diameter,  made  of  round  IJ-in.  stock 
as*  per  Fig.  164.  The  length  of  the  iron  core  would  be  nearly 
equal  to  the  length  of  the  wooden  core  and  the  345  ft.  of 
wire  would  make  730  turns  on  this  ring,  as  on  the  wooden 
core.  If  we  now  place  this  coil  across  11  volts  direct  cur- 
rent we  will  find  that  the  ammeter  still  indicates  20  amperes. 
In  winding  the  wire  around  an  iron  ring  so  as  to  make  a 
strong  electromagnet  we  have  not  changed,  in  the  slightest, 
the  resistance  which  it  offers  to  the  flow  of  direct  current. 
The  resistance  is  still  \^  =  0.55  ohm. 

Suppose,  however,  that  we  try  it  across  11-volt  a-c.  60- 
cycle  mains.  An  ammeter  in  the  circuit  would  read  about 
x^v  of  an  ampere  only  (assimiing  1800  as  the  permeability 
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of  the  iron  core).  Apparently  the  impedance  has  been  in- 
creased immensely.  In  fact,  if  we  put  the  coil  across  a  110- 
volt  60-cycle  alternating-current  generator,  only  0.164  ampere 
would  flow. 


Fio.  164.    A  strong  electromagnet  made  by  winding  the  wire  of 

Fig.  163  on  an  iron  ring. 

In  winding  the  core  aroimd  the  iron  ring,  therefore,  we 
have  increased  more  than  a  thousandfold  the  impedance 
which  it  offers  to  the  flow  of  this  alternating  current.     The 

impedance  has  now  become  ^  ^^ .,  or  662  ohms.    Let  us  con- 
sider the  causes  of  this  great  increase  in  the  imx)edance. 

46.  Inductive  Reactance.  We  started  with  a  wire 
which,  when  stretched  out  approximately  straight,  offered 
a  fraction  of  an  ohm  resistance  to  the  flow  of  a  direct  current 
and  the  same  impedance  to  the  flow  of  an  alternating  cur- 
rent.   Without  changing  it  any  way  except  merely  to  wind 
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it  about  a  piece  of  iron  so  as  to  form  a  strong  electromagnet, 
we  raised  the  impedance  to  over  660  ohms.  This  figure  is 
so  great  that  when  we  compare  it  with  the  original,  0.55 
ohm,  we  see  that  practically  all  this  impedance  is  due  to 
winding  the  wire  around  the  iron.  In  speaking  of  the  im- 
pedance of  the  coil  we  can  thus  neglect  the  original  0.55  ohm 
due  to  resistance,  and  say  that  practically  the  whole  im- 
pedance of  the  wire  is  the  result  of  winding  it  into  a  coil  so 
that  it  sets  up  a  strong  magnetic  field  when  a  current  flows 
through  it. 

When  the  impedance  of  a  circuit  carrying  alternating 
current  is  greater  than  its  resistance,  we  say  that  this  cir- 
cuit possesses  reactance;  that  is,  there  is  some  condition 
present  in  the  circuit  which  reacts  against  the  voltage  and 
hinders  it  from  forcing  through  as  large  an  alternating  cur- 
rent as  we  would  expect,  judging  from  the  resistance  to  a 
direct  current. 

When  this  reactance  in  a  circuit  is  largely  due  to  the 
magnetic  field  which  a  current  will  set  up  about  it,  we  call 
the  reactance  an  inductive  reactance  and  represent  its  value 
in  equivalent  ohms  by  the  letter  X,  Now  we  have  seen 
that  the  inductive  reactance  of  a  short  straight  line,  about 
which  a  current  produces  almost  no  magnetic  field,  is  prac- 
tically zero,  while  the  inductive  reactance  of  a  coil  made 
of  the  same  piece  of  wire  is  quite  noticeable,  when  the  coil 
forms  even  a  weak  electromagnet,  and  very  great  when  a 
strong  electromagnet  is  produced.  There  seems  to  be  some- 
thing about  this  magnetic  field,  then,  which  produces  this 
counter  action  or,  as  we  have  called  it,  this  reactance. 

In  a  circuit  carrying  direct  current  we  know  that  some- 
times such  a  strong  reaction  is  set  up  that  the  current  is  cut 
down  below  the  value  which  we  would  expect  from  Ohm's 
law.  This  always  happens  whenever  a  motor  is  running  on 
the  circuit.  We  measure  the  resistance  of  the  motor  with  the 
armature  at  rest  and  find  it  very  low,  and  naturally  ex- 
pect the  motor  when  running  to  take  a  current  which  shall 
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,        ,,        ,  J 1     -I.   r      X-       volts  across  motor 

have  the  value  expressed  by  the  fraction  — ^-r ^ — . 

resistance  of  motor 

But  we  find  that  the  machine  takes  but  a  small  fraction  of 
this  current.  On  investigation  we  decide  that  the  cause  of 
this  great  decrease  in  current  or  large  increase  in  apparent 
resistance  is  due  to  the  fact  that  when  the  armature  is  re- 
volving the  conductors  on  it  cut  through  the  magnetic  field 
and  set  up  a  counter  e.m.f.  which  opposes  the  flow  of  the 
current.  When  the  armature  is  standing  still,  there  is  no 
counter  e.m.f .  and  the  current  would  be  very  great  (as  indi- 
cated by  the  fraction  above)  if  the  same  voltage  were  applied. 
The  faster  the  armature  moves,  and  the  stronger  the  field, 
the  greater  the  counter  e.m.f.  that  is  produced,  and  the 
smaller  the  current. 

If  we  investigate  the  reactance  of  a  circuit  carrying  alter- 
nating current,  we  shall  see  that  the  same  thing  is  true. 
The  circuit  oflfers  no  reactance  to  an  electric  current  iinless 
the  conductors  of  the  circuit  cut  the  magnetic  field.  When 
we  try  to  send  an  alternating  current  through  the  coils  in 
Fig.  163  and  164,  the  current  is  continually  changing  in 
value  and  direction.  The  magnetic  field  is  thus  continually 
being  built  up  in  one  direction,  reduced  to  zero,  and  built 
up  in  the  opposite  direction.  Obviously,  in  this  process, 
the  lines  of  force  must  cut  the  wires  again  and  again.  The 
stronger  the  field  the  greater  the  e.m.f.  thus  set  up.  From 
an  inspection  of  Fig.  165,  we  can  see  that  the  e.m.f.  induced 
in  the  wire  by  this  cutting,  in  each  instance,  always  opposes 
the  action  of  the  current.  Thus,  if  a  current  is  trying  to  in- 
crease, the  lines  of  force,  increasing  and  spreading,  cut  the  wires 
in  such  a  direction  as  to  oppose  any  increase  of  the  current. 
If  the  current  is  trying  to  decrease,  the  lines  of  the  dying 
magnetic  field  cut  the  wires  in  such  a  direction  as  to  oppose 
the  decrease  of  the  current,  or  so  as  to  maintain  the  current. 

Consider  Fig.  165.  Assume  that  a  current  is  growing  in 
the  coil.  It  enters  at  A\  and  a  field  immediately  begins  to 
grow  out,  which  spreads  to  the  left  and  sweeps  the  wire  Aj, 
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from  right  to  left  as  is  shown  in  Fig,  166.  This  is  equiva- 
lent to  the  wire  Aj  cuttii^  t«  the  right  across  the  lines. 
Thus  an  e.in.f.  is  set  up  which  tends  to  send  a  current  out 


Flo.  165.  A  growing  field  around  ^i  spreads  out  and  cuta  X|.  The 
growiDg  field  around  A)  cute  ^land  A\,  and  seta  up  an  induced  e.m.f. 
From  Fig.  166,  note  that  this  induced  e.in.f.  is  in  the  direction  op- 
posite to  the  current. 

at  At  in  the  opposite  direction  to  the  current  which  is 
being  established  in  it.*  This  action  takes  place  in  all  the 
wires  as  the  current  grows.  The  spreading  field  about  each 
wire  cuts  the  other  wires  in 
such  a  direction  as  to  set  up  a 
reacting  e.m.f.  which  opposes 
the  growth  of  the  current. 
A    growing     current    is     thus 

"choked "    back   in    any   coil  

where  the  field   is  strong  and  ^^^   ^^     ^„  ^„,„g^  ^^„  ^^ 

the   turns  are  numerous  and      the  wire  ends  ^,  and  A,  of 

close  together.  Fig.  165.    The  arrow  M  shows 

By   using    the    same    figures,        the  direction  in  which  the  field 

165  and  166,  and  assuming  the      *'^"*  ^'  ""^"^  ^"^^  ^'  ^ 

,     .       .        J    .  ,  it    grows.     This    induces    an 

current    to   be   dying  out,   we      ^  ,„*■  ^^^^^  ^^^^  ^^  ^^^  ^ 

see  that  the  lines  in  the  dying      cmrent  OUT  at  A,  in  opposi- 

field    now    sweep    across    the      tion  to  the  applied  e.m.t. 

wires  in  the  opposite  direction 

and  set  up  a  reacting  e.m.f.  which  tends  to  keep  the  current 

in  these  wires  from  dying  out.     Thus  the  action  of  dying  is 

"  See  Timbie's  "Elements  ot  Electricity,"  Art.  104,  105. 
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also  impeded,  and  it  is  easy  to  see  that  such  reactions  can 
greatly  hinder  an  alternating  current  from  flowing  through 
a  coil  even  though  the  resistance  is  almost  zero.  The 
action  of  the  coil  in  Fig.  164  in  a  direct-current  circuit  is 
also  explained.  When  a  direct  current  has  once  reached  a 
steady  value  it  remains  constant.  Therefore,  once  a  direct 
steady  current  is  established,  the  field  also  remains  con- 
stant and  no  cutting  of  the  lines  takes  place;  thus  no  greater 
hindrance  is  offered  to  the  flow  of  the  direct  current  than 
the  resistance  which  the  wire  affords.  But  we  might  expect 
that  it  would  be  difficult  to  start  even  a  direct  current 

flowing,    and    such   is    the 

fact.     Fig.    167    shows    a 

curve    plotted    from    data 

taken    to    investigate    the 

time  required  to  get  a  direct 

current  up  to  its  full  value, 

the    circuit    being    highly 

Time  in  Seconds  maguctic.    Thc  coll  had  a 

Fig.  167.    A  curve  showing  the  time  resistance  of  11  ohms,  and 

taken  by  a  direct  current  to  rise  to   was    put  across    110  volts, 

its  fuU  value  in  a  highly  inductive  direct  current.     Note  that 

0.9  second  elapsed  after  the 
circuit  was  closed,  before  the  current  reached  its  normal 
value  of  10  amperes.  The  inductive  property  of  the  circuit 
opposed  its  growth  by  setting  up  a  counter  e.m.f. 

The  opposition  to  the  decrease  of  a  current  in  an  inductive 
circuit  is  seen  in  the  flash  which  takes  place  when  the  field 
switch  of  a  large  generator  is  opened.  This  arc  is  so  de- 
structive to  the  copper  blades  of  the  switch  that  special 
switches  are  put  in  a  field  circuit  which  reduce  the  current 
gradually,  not  instantaneously.  One  of  these  field  discharge 
switches  is  shown  in  Fig.  168.  When  the  blades  B  are  with- 
drawn from  the  clips,  it  does  not  disconnect  the  power  from 
the  field  which  is  across  the  upper  clips,  because  the  spring 
blades  SS  are  still  held  in  the  clips  by  their  friction.     When 
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the  l^lades  are  withdrawn  from  clips  B,  the  blade  X  comes  ia 
contact  with  the  clip  Y.  This  connects  a  resistance  across 
the  field  terminals  because  a  resistance  R  is  connected  across 


Fia.  168.    A  Trumbull- Vanderpoel  field-discharge  switch. 

Y  and  8%  as  shown.  As  the  handle  is  pulled  farther  down, 
the  spring  blades  SS  fly  out  and  disconnect  the  power  from 
the  field  and  the  resistance  R.  But  before  the  spring  blades 
disengage  from  the  upper  clips,  the  blatie  X  makes  contact 
with  the  lower  clip  Y.  Thus  the  field  is  never  opened.  It 
is  merely  connected  to  a  resistance,  and  the  power  b  then 
disconnected.  The  e.m.f.  induced  in  the  field  coils  by  the 
dying  magnetic  flux  produces  a  current  through  this  resist- 
ance; thus  the  enei^  stored  up  in  the  magnetic  field,  when 
the  current  was  compelled  to  increase  against  the  induced 
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counter  e.m.f .,  now  reappears  as  heat  in  thb  resistance  instead 
of  an  arc  at  the  clips  of  tlie  switch. 

There  is  a  greater  damage  likely  to  be  done  than  the  burn- 
ing of  the  switch  contacts  when  the  field  current  is  suddenly 
stopped.  The  dyii^  lines  of  the  magnetic  field  sometimes 
sweep  in  such  great  numbers  and  so  rapidly  across  the  wires 


Fio,  169.  A  General  Elpttric  3-pole  oil  switch.  The  oil  in  the  caae 
(shown  in  position  in  right-hand  view)  amothers  the  arc  formed 
between  points  A  and  B  as  the  switch  is  opened. 

in  the  coils,  and  so  high  a  voltage  is  thereby  set  up,  that  it 
punctures  the  insulation  and  puts  the  field  coils  out  of  service. 
The  special  switch  sho^vn  above  prevents  this  Ijy  introducing 
a  large  resistance  into  the  field  which  allows  the  field  current 
to  die  out  slowly,  and  so  a  smaller  e.m.f.  is  induced.     De- 
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stmctive  arcii^  is  also  prevented  on  circuits  which  have 
large  inductive  properties,  by  means  of  oil  switches  such  as 
shown  in  Fig.  169.  This  represents  a  3-pole  switch,  the 
break  occurring  at  the  pointa  between  A  and  B.  These 
points  are  immersed  in  oil  which  is  held  by  the  case  —  here 
shown  lowered  in  order  to  make  the  construction  clear. 
The  oil  smothers  the  arc  and  saves  the  contact  points  from 
beii^  fused  or  roughened. 

In  some  cases  very  effective  use  is  made  of  this  counter 
e.m.f.  which  is  set  up,   to  cut  down  the  currents  which 


Pia.  170.  A  General  Electric  current-limiting  reactance  coil.  The 
reactance  offered  by  this  coil  to  any  sudden  growth  of  current  keeps 
down  the  amount  of  current  which  can  flow  through  the  generator  to 
which  it  ifl  connected,  when  a  short  circuit  occurs. 

would  flow  in  an  a-c.  generator  or  transformer  if  the  line 
wires  were  suddenly  short-circuited.  A  large  coil  (Fig. 
170)  with  cement  core  is  placed  in  series  with  each  lead 
close  to  the  terminals  of  the  machine.  This  coil  offers  but 
slight  counter  e.m.f.  to  the  normal  current  because  of  the 
non-magnetic  core  and  the  comparatively  few  turns  in  the 
windii^.     But  when  a  short  circuit  occurs  and  the  current 
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begins  to  increase  at  a  tremendous  rate,  the  turns  are  cut  so 
quickly  by  the  rapidly  growing  field  that  enough  counter 
e.m.f.  is  induced  to  choke  back  the  current  to  such  an  ex- 
tent as  to  prevent  any  destructive  stress  upon  the  machine, 
and  to  permit  the  comparatively  slow-acting  circuit-breaker 
to  disconnect  the  machine  from  the  circuit. 

47.  Lenz'  Law.  Enough  has  been  shown  concerning 
the  effects  of  a  strong  magnetic  field  upon  the  electric  cir- 
cuit within  it,  to  bring  out  the  law  which  was  first  stated  by 
Lenz  and  is  called  Lenz'  law.     It  states  in  part  that: 

While  any  change  is  being  made  in  the  magnetic  field  of  an 
electric  circuit,  an  e.m.f.  is  induced  which  opposes  the  change. 

Thus  we  have  seen  that  when  a  current  was  growing,  and 
in  so  doing  was  setting  up  a  magnetic  field,  an  e.m.f.  was 
induced  in  the  opposite  direction,  so  that  it  opposed  this 
growth  of  the  current  and  of  the  magnetic  field.  If  the 
growing  current  had  set  up  no  magnetic  field  there  would 
have  been  no  opposition  to  its  growth.  The  whole  reaction, 
or  opposition,  is  due  to  the  creation  or  the  destruction  of  a 
magnetic  field  which  cuts  across  the  wires  composing  the 
circuit  and  so  induces  the  reacting  e.m.f. 

Since  the  magnetic  field  set  up  by  an  alternating  current 
is  continually  changing,  this  induced  counter  e.m.f.  is  con- 
tinually acting  and  thus  continually  limits  the  current 
throughout  the  system. 

48.  Inductance.  It  is  often  necessary  to  be  able  to 
compute  the  reactance  which  such  coils  as  we  have  described 
offer  to  the  flow  of  an  alternating  current.  In  taking  up 
this  computation  it  is  well  to  start  with  the  counter  e.m.f. 
of  which  this  reactance  is  a  measure.  When  such  a  counter 
e.m.f.  is  set  up  by  these  changes  of  current  we  say  that  the 
circuit  is  inductive,  or  contains  inductance.  Inductance  may 
be  defined,  then,  as  that  magnetic  property  of  a  circuit  which 
causes  it  to  oppose  any  change  in  the  current  flowing. 

If  there  is  no  current  flowing,  the  inductance  opposes  the 
start  and  growth  of  one.     If  a  current  is  already  flowing, 
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the  inductance  of  a  circuit  opposes  either  any  decrease  or 
any  increase  of  this  current.  Inductance  in  an  electrical  sys- 
tem is  very  like  inertia  in  a  mechanical  system,  which 
opi)oses  any  change  in  the  speed  of  a  body.  Thus,  if  we 
are  standing  in  a  rapidly  moving  car  and  the  motorman 
suddenly  applies  the  brakes,  we  feel  a  strong  tendency  to  go 
forward  in  the  car  and  have  to  brace  our  feet  in  order  to 
remain  standing.  It  is  the  inertia  of  our  bodies  which  is  urg- 
ing them  to  keep  moving  in  the  same  direction  and  at  the  same 
rate  while  the  feet  are  carried  forward  by  the  car.  The  in- 
ertia of  our  bodies  is  thus  opposing  the  change  of  the  speed 
at  which  they  are  moving  just  as  the  inductance  of  the  elec- 
tric circuit  opposes  any  change  of  current  flowing.  When  we 
try  to  stop  an  electric  current,  the  inductance  of  the  circuit 
tends  to  keep  it  going. 

Similarly,  when  a  car  suddenly  starts  up,  we  feel  a  strong 
tendency  to  take  a  step  toward  the  back  of  the  car.  This 
tendency  is  again  due  to  the  inertia  of  our  bodies,  which 
opposes  the  change  in  motion  (that  is,  the  speeding-up  proc- 
ess), just  as  the  inductance  of  an  electric  circuit  opposes 
the  start  and  growth  of  a  current. 

In  fact  it  is  a  universal  law  which  apparently  applies  to 
all  branches  of  science,  that  if  we  wish  to  make  any  changes 
we  must  overcome  some  force  which  tends  to  keep  things 
as  they  are. 

The  force  which  tends  to  keep  the  current  as  it  is  in  an 
electric  circuit  is  the  counter  e.m.f.  which  the  inductance 
of  the  circuit  sets  up  whenever  the  current  changes. 

49.  Unit  of  Inductance.  The  Henry.  When  a  circuit 
has  so  much  of  this  inductance  that  a  counter  e.m.f.  of  one 
volt  is  set  up  when  the  current  is  changed  at  the  rate  of  1 
ampere  per  second,  we  say  that  the  circuit  has  1  henry  of 
inductance.  To  have  2  henrys  inductance,  a  circuit  has  to 
have  strong  enough  field  per  ampere  of  current  flowing,  and 
enough  turns  of  wire  around  that  field,  to  set  up  2  volts 
e.m.f .  when  the  current  is  changed  at  the  rate  of  1  amp.  per 
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sec,  or  1  volt  may  be  induced  when  the  current  changes  at  the 
rate  of  J  ampere  per  second.    The  volts  thus  set  up  are  equal 
to  the  product  of  the  inductance  in  henrys  times  the  amperes 
change  per  second. 
We  may  write  the  equation 

Induced  volts  =  inductance  X  rate  of  change  of  current, 
or, 
Inductance  (in  henr]^)  =  induced  volts  -r-  rate  of  change  of 
current  (in  amperes  per  second). 

The  field  coils  of  a  5-kw.  generator  may  have  from  10  to 
15  henrys  inductance,  so  it  is  easily  seen  that  the  current 
must  be  decreased  very  slowly  in  order  not  to  produce -high 
enough  e.m.f.  to  puncture  the  windings.  For,  assume  that 
the  field  coils  of  such  a  machine  carry  2  amperes  and  that 
the  switch  was  pulled  so  suddenly  that  the  current  dropped 
to  zero  in  3 J^j  of  a  second.  A  change  of  2  amperes  in  yj^  of 
a  second  would  mean  a  change  at  the  rate  of  1000  amperes 
per  second.  With  an  inductance  of  12  henrys  in  the  cir- 
cuit, the  e.m.f.  set  up  would  equal 

Inductance  in  henrys  X  amperes  per  sec.  change 

=  12  X  1000  =  12,000  volts. 

Note  the  similarity  between  the  equation  for  the  reacting 
electromotive  force  due  to  inductance,  and  the  reacting 
mechanical  force  due  to  inertia. 

(1)  The  mechanical  force  =  mass  X  rate  of  change  in  speed. 

(2)  The  electromotive  force  =  inductance  X  rate  of  change 
in  current. 

Equation  (1)  may  be  written 

Ave.  /  =  m  X  T» 

/  =  value  of  reacting  force  due  to  inertia; 
m  =  mass  of  the  body; 
V  =  speed  of  the  body; 

t  =  time  required  to  change  speed  from  0  to  t;,  or 
from  t;  to  0. 


where 
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Equation  (2)  may  be  written 

Ave.  E  =  LX-fy 

where 

E  =  value  of  induced  electromotive  force  due  to  in- 
ductance; 
L  =  inductance  of  the  circuit; 
Im  =  maximum  value  of  current,  in  amperes; 
t  =  time  required  for  current  to  change  from  0  to 
7m,  or  from  /„  to  0. 

From  this  equation  Ave.  B  =  L  X  -^,   we  may  find  the 

V 

value  of  L  in  henrys  for  any  circuit. 

Suppose  we  consider  the  inductance  of  a  circuit  in  which 
there  is  an  alternating  current  flowing.  The  current  starts 
at  0  and  rises  to  its  maximum  value  Im  in  t  seconds.  There- 
fore the  total  change  in  current  would  be  represented  by  the 

letter  7«,  and  the  average  rate  of  change  by  -y  (amperes  per 

second). 

Ave.  JS?  =  L^- 

But  we  have  seen  that  this  reactive  voltage  which  is  set  up 
in  a  coil  is  due  to  the  magnetic  field  sweeping  across  the 
wires  of  the  coil.  In  order  to  have  one  volt  set  up,  the 
total  cutting  of  lines  per  second  must  equal  100,000,000, 
or  10«. 
Thus 

Average  e.m.f .  induced  in  each  turn  of  coil  =  TTp  ^^  /  » ^"^^ 

(3)  Ave.  E  (for  entire  coil)  =  J^, 

where 

^  =  total  number  of  lines  set  up  when  the  current 

rises  from  0  to  Im  amperes; 
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N  =  number  of  turns  in  the  coil,  all  of  which  would 
be  cut  by  all  of  this  growing  flux; 
t  =  time  required  for  this  flux  to  cut  across  the 
turns  of  the  coil. 

We  thus  have  the  two  equations 

(2)  Ave.E  =  L^-f; 

(3)  Ave.£  =  |^. 
Therefore 

(4)  L^^^t^. 

Multipl3dng  each  side  by  t  (since  t  is  the  same  in  both  equa- 
tions, being  the  time  required  to  pass  from  zero  to  maxi- 
mum value  of  I  and  <t>), 

(5)  L7«  =  j^  . 

But  the  general  equation  for  magnetic  flux  in  any  circuit  is:  * 

(6)  «  =  f . 

where 

(7)  M  =  1.26JV/ 
and 

(8)  «  =  Jj. 

Substituting  (7)  and  (8)  in  (6)  we  get 

in  which  ^  =  maximum  total  flux  in  coil  at- 

tained when  I  =  7«. 
Substituting  this  value  of  <f>  in  Equation  (5)  we  obtain 

*  See  Timbie's  "Elements  of  Electricity/'  Art.  92  and  94. 
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my 


and  dividing  both  sides  by  /, 

(11)  i iO^j— ' 

where 

L  =  inductance  in  henrys; 
N  =  number  of  turns  in  the  coil; 
II  =  permeability  of  the  core  (assumed  for  conven- 
ience to  be  constant) ; 
A  =  cross  section  of  the  core  in  sq.  cm.; 
I  =  length  of  the  core  in  centimeters. 

Example  1.  What  is  the  inductance  of  a  "choke"  coil  having 
400  turns,  if  the  iron  core  is  60  centimeters  long  and  300  sq.  cm. 
section  area?    Assume  m  «  1500. 

_  L26iVVA 

^""       lO^Z      ' 
iV  =  400  turns; 

M  =  1500; 
A  =  300  sq.  cm.; 

Z  =  60; 

1.26  X  400  X  400  X  1500  X  300 

10«X60 
=  15.1  henrys. 

Example  2.    Suppose  the  current  in  the  above  coil  to  change 

from  26  to  2  amperes  in  3  seconds,  what  is  the  average  value  of  the 

voltage  induced? 

„      ,  /change  in  amperesN      _      / 

Ave.  E  =  henrys  X  (-==^— — ,    ^      )=Lx  7; 

\    tune  to  change    /  t 

I     26-2      ^ 

T  =  — z —  =  8  amp.  per  sec.; 

Ave.  -&  =  L  X  8 

=  15.1  X  8 
=  120.8  volts. 

Example  3.  If  the  above  change  had  taken  place  in  0.004  of  a 
second,  what  average  voltage  would  have  been  induced  in  the  coil? 

/      26-2 

<  '^   0004    ^  ^^^  fi^P-  V^^ sec. 

Ave.  E  =  Lx  6000 

«  15.1  X  6000  =»  90,600  volts. 
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Prob.  1-6.  A  coil  of  800  turns  is  wound  on  a  wrought-iron 
ring,  the  mean  diameter  of  which  is  15  cm.,  cross-section  area  20 
sq.  cm.  Permeability  of  iron  =  1200.  What  is  the  inductance  of 
the  coil? 

Prob.  2-5.  A  current  of  30  amperes  is  flowing  in  coil  of  Problem 
1.  If  the  current  is  reduced  to  18  amperes,  the  decrease  taking 
place  in  one-quarter  second,  what  average  voltage  will  be  induced? 

Prob.  3-6.  Compute  the  inductance  of  a  coil  75  cm.  long, 
4  cm.  in  diameter,  containing  2000  turns.    Air  core. 

Prob.  4-6.  A  "choke"  coil  is  formed  by  winding  200  turns  on 
a  ring  consisting  of  annealed  sheet  iron,  permeability  1800,  60  cm. 
in  circumference  and  200  sq.  cm.  cross-section  area.  What  is  the 
inductance  of  circuit? 

Prob.  &-5.    It  is  observed  that  the  field  current  of  an  a-c. 
generator  requires  4  seconds  to  fall  from  its  full  value  of  40  am- 
peres to  zero  when  the  field  break-switch  is  opened.    What  average 
'  voltage  is  induced  by  the  dying  flux,  if  the  inductance  of  the  field 
winding  is  10  henry^? 

Prob.  6-6.  An  electromagnet  consisting  of  12  coils  of  200  turns 
each,  wound  in  series  on  an  iron  core  made  of  two  half -rings  butted 
together  (mean  radius  of  rings,  25  centimeters  and  cross  section  of 
core,  78.5  square  centimeters)  had  a  self-inductance  of  180  henrys 
when  carrying  a  current  of  45  amperes.  Calculate  what  the  per- 
meability of  the  iron  must  have  been. 

Prob.  7-6.  The  primary  winding  of  an  induction  coil,  which  is 
19  inches  long  and  8  inches  in  diameter,  measured  0.145  ohm  re- 
sistance and  0.013  henry  inductance,  while  its  secondary  measured 
30,600  ohms  and  2000  henrys.  Assuming  the  reluctance  of  the 
magnetic  circuit  to  have  been  the  same  when  both  measurements 
were  made,  calculate  the  ratio  between  the  number  of  turns  in 
primary  and  secondary  windings. 

Prob.  8-6.  The  fields  of  a  certain  shunt-wound  direct-current 
dynamo  having  a  rated  output  of  35  amperes  at  100  volts  have  a 
resistance  of  44  ohms  and  a  self-inductance  of  13.6  henrys  at  a 
small  excitation;  the  armature  of  the  same  machine  measures 
0.215  ohm  resistance  and  0.005  henry  inductance,  (a)  Calciilate 
what  average  voltage  would  be  induced  in  the  field  winding  if  it 
were  disconnected  from  the  brushes  in  such  manner  as  to  reduce 
the  current  to  zero  in  one-half  second.  (6)  Calculate  also  the 
maximum  rate  (amperes  per  second)  at  which  the  field  current 
may  be  permitted  to  die  away,  to  prevent  the  induced  voltage 
from  rising  above  1000  volts. 
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60.  Interlinkages  versus  Cutting  of   Magnetic  Lines. 

There  is  another  very  common  method  for  computing  the 
effect  of  changes  in  a  magnetic  field.  Instead  of  consider- 
ing a  number  of  lines  of  force  as  sweeping  across  the  con- 
ductors and  thus  cutting  them  when  the  strength  of  the 
field  is  changed^  it  is  customary  to  take  account  of  the 
number  of  lines  of  force  in  the  magnetic  circuit  which  are 
linked  into  each  loop  of  the  electric  circuit  or  vice  versa. 
Every  electric  circuit  must  consist  of  at  least  one  complete 
loop  (out  from  and  .back  to  the  source  of  power)  and  every 
magnetic  line  or  tube  of  flux  must  also  form  a  complete 
loop.  Thus,  whenever  we  see  that 
a  magnetic  line  enters  a  loop  of 
wire,  or  a  wire  enters  a  mag- 
netic circuit,  we  know  that  there 
must  take  place   an  interliokage 


FiQ.  171.  The  line  of  magnetic  force 
is  interlinked  with  the  simple  electric 
circuit.  One  interlinkage  is  thus 
formed. 


FiQ.  172.  Six  lines  of  mag- 
netic flux  link  five  turns  of 
the  electric  circuit.  Thus 
thirty  interUnkages  are 
formed. 


of  the  two,  similar  to  the  interlinkage  of  two  links  in  a 
chain.  Since  such  an  interlinkage  cannot  be  made  without 
cutting  either  one  circuit  or  the  other,  in  order  to  interlink 
them,  we  take  no  thought  of  this  actual  cutting  or  how  it  is 
done,  but  merely  count  the  number  of  interlinkages.  Thus 
in  Fig.  171  there  is  one  interlinkage,  there  being  one  turn 
in  the  circuit  and  one  force  line.  In  Fig.  172,  6  lines  of 
force  are  linked  into  5  turns  of  an  electric  circuit.  Each 
turn  of  circuit  links  with  each  of  6  lines  of  flux,  or  forms 
6  interlinkages.     The  5  turns  must,  therefore,  form  5X6, 
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or  30  inter  linkages.  Note  that  the  total  cutting  is  the  same 
as  the  total  interlinkages;  for  in  order  to  link  6  lines  of  force 
into  5  turns  of  wire  there  must  be  30  cuttings.  Thus,  if  we 
can  produce  100,000,000  interlinkages  per  second,  it  is  the 
same  as  producing  a  cutting  of  100,000,000  lines  per  second, 
and  one  volt  e.m.f .  is  induced.  The  definition  of  one  henry 
inductance  is,  therefore,  often  given  as  the  inductance  of  that 
circuit  in  which  a  change  of  one  ampere  current  produces 
a  change  of  10*  interlinkages  between .  the  turns  of  the 
circuit  and  lines  of  magnetic  flux. 

The  equation  for  the  computation  of  Inductance  is  ex- 
actly the  same  as  by  the  method  of  considering  the  cut- 
tings. The  only  difference  is  that  the  name '  '*  change  of 
interlinkages  "  rather  than  '*  total  lines  of  force  cut "  is  given 
to  the  quantity  4>N,  We  can  then  write  the  equation  for 
induced  e.m.f.  as  follows: 

.        ^  _  change  of  interlinkages,  per  second 
Ave.  tj  j^^g 

lo^r 

This  equation  is  identical  with  equation  (3)  on  page  227. 
Note  also  that  in  the  equation  for  the  inductance  of  a  coil 

1.26  iVVA 


smce 


it  can  be  written 


L  = 


4hn  — 


10«i  ' 

l.2%NImlJLA 
I 


ii>Jf     _    1  <t>mN 

where  0m  =  total  flux  when  /„  amperes  flow. 

The  inductance  of  any  coil  in  henrys  is  thus  seen  to  be 
merely  the  total  number  of  interlinkages  per  ampere  flowing 
in  it,  divided  by  10*.  This  forms  a  very  easy  method  of 
computing  the  inductance  of  the  circuits  in  transformers, 
alternators  and  motors. 
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61.  Inductance  a  Property  of  the  Circuit.  When  we 
examine  the  equation  L  =  ^l''  we  see  that  all  the  quan- 
tities which  it  contains  (iV,  /x,  A^  and  I)  refer  to  the  electric 
and  magnetic  circuit.  The  physical  characteristic  named 
inductance,  then,  is  a  property  of  the  circuit,  not  of  the  elec- 
tric current  or  voltage.  It  depends  entirely  upon  the  shape 
and  size  of  the  circuit  and  upon  the  magnetic  permeability 
of  the  surrounding  medium.  Another  way  of  stating  this 
might  be:  Inductance  is  not  a  material  thing,  but  merely  a 
term  which  expresses  the  result  of  a  certain  arrangement  of 
wires,  iron,  air,  etc.,  in  an  electric  circuit.  If  the  medium 
consists  of  iron,  which  has  a  high  permeabiUty,  and  the  cir- 
cuit consists  of  a  coil  of  wire,  producing  many  interlinkages, 
the  inductance  of  the  circuit  is  great.  On  the  other  hand, 
if  the  circuit  consists  of  a  short  straight  wire  strung  in  the 
air,  which  has  low  permeability,  producing  few  interlinkages, 
the  inductance  of  the  circuit  will  be  ext.remely  small.  The 
current,  voltage,  power,  etc.,  have  nothing  to  do  with  the 
amount  of  inductance  of  the  circuit,  though  these  are  greatly 
affected  by  the  inductance  in  an  alternating-current  circuit. 

62.  Inductance  of  Transmission  Lines.  While  the  in- 
ductance of  a  short  transmission  line  is  small,  it  becomes 
sufhciently  large  in  long  lines  to  produce  appreciable  and 
sometimes  large  eflfects.  The  following  equation  gives  the 
value  of  the  self-inductance  of  one  mile  of  one  wire  (either 
outgoing  or  return)  in  any  system  of  non-magnetic  wires 
strung  in  the  air.*  In  polyphase  systems  the  quantity  S 
is  to  be  measured  between  the  two  wires  strung  nearest  each 
other. 


L^  =  .000741 


logio  (2.568^) 


S  =  distance  between  centers  of  wires,  in  inches; 
d  =  diameter  of  wire,  in  inches. 

*  From  Still's  "  Overhead  Electric  Power  Transinission." 
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Prob.  ^5.    Ck)inpute  the  inductance  of  a  100-mile  aerial  line      ^ 
consisting  of  two  copper  wires  20  inches  apart,  each  No.  6  B.  &  S. 

Prob.  lQ-6.  What  average  voltage  would  be  induced  between 
the  terminals  of  the  line  in  Prob.  9-5,  if  the  current  changed  from 
+20  amperes  to  —20  amperes  in  ^  of  a  second. 

Prob.  11-5.  There  were  345  ft.  of  No.  12  wire,  in  730  turns, 
used  to  wind  the  iron  ring  of  Fig.  164.  Assuming  1800  as  the  per- 
meability of  the  iron,  calculate  the  inductance  of  the  circuit. 

Prob.  12-5.  When  the  same  wire  as  in  Fig.  164  was  wound  on 
the  wooden  core  of  Fig.  163,  what  was  the  inductance  of  the  circuit? 

Prob.  13-6.  What  would  be  the  inductance  of  a  single-phase 
transmission,  or  ''line  and  return,''  composed  of  the  same  wire  used 
on  ring  in  Fig.  164.    Assxmie  wires  to  be  strung  30  inches  apart. 

Prob.  14-5.  Calculate  the  inductance  per  mile  of  wire  (or  per 
half  mile  of  two-wire  single-phase  transmission  line)  for  No.  6 
B.  k  S.  gauge  solid  copper  wire  spaced  10,  20,  30,  40  and  50  inches 
between  centers.  Compare  these  results  with  those  given  in  the 
tables  in  the  Appendix. 

Prob.  15-5.  From  the  formula  given,  calculate  the  inductance 
per  mile  of  circuit  (2  miles  of  wire),  using  No.  6  solid  wires  placed 
as  closely  together  as  possible.  The  diameter  of  No.  6  bare  is  162 
mils  and  the  outside  diameter,  when  rubber-insulated  according  to 
National  Electric  Code  for  0  to  600  volts  with  double  braid  cover- 
ing, is  387  mils. 

Prob.  16-5.  From  the  formula  given,  calculate  the  inductance 
per  mile  of  wire  {\  mile  of  single-phase  line),  for  wires  spaced  24 
inches  between  centers,  using  sizes  No.  6,  2,  00  and  0000  B.  &  S. 
gauge  stranded  copper  cable. 

The  self-inductance  of  a  line  wire  is  formed  by  the  mi^- 
netic  flux  which  surrounds  it,  or  which  is  linked  with  it. 
Fig.  173  represents  by  the  heavy  lines  the  flux  around  the 
wire  A  when  a  current  is  flowing  in,  and  by  the  light  lines 
the  flux  around  any  return  wire  such  as  jB,  in  which  the 
current  would  be  of  the  same  value,  but  in  the  opposite 
direction,  or  out.  Note  how  all  the  lines  interlinking  A^ 
which  extend  beyond  B  are  counteracted  by  the  field  around 
B.  Also  the  lines  around  B  which  extend  beyond  A  are 
counteracted  by  the  interlinking  lines  of  A,  The  farther 
apart  the  wire  A  and  its  "  return  "  B  are,  the  less  interference 
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there  is,  and  therefore,  the  greater  the  number  of  iuterlink- 
ages  per  ampere,  or  the  greater  the  inductance.  On  inspec- 
tion of  the  above  formula  we  see  that  the  farther  apart  the 
wires  are  the  greater  the  inductance  of  each  ^ngle  line  wire. 


Fio.  173.  That  part  of  the  magnetic  field  of  the  wire  A  which  extends 
beyond  the  wire  B  weakens  the  field  there,  because  it  opposes  the 
direction  of  the  field  around  B.  Also  that  part  of  the  field  of  B  which 
overlaps  A  weakens  the  field  at  that  point. 

This  is  in  accord  with  the  reason  for  the  usual  method  of 
winding  a  non-inductive  coil.  The  method  con^sts  of  wind- 
ing the  circuit  bo  that  the  outgoii^  and  return  wires  are  lud 
very  close  to  CEich  other.  It  is  done  by  winding  the  wire  in 
such  a  way  that  the  current  goes  through  half  the  turns  of 
the  coil  in  one  direction  and  then  reverses  and  goes  through 
the  other  half  of  the  turns,  which  are  laid  as  closely  as  pos- 
sible to  the  first  half.  The  field  around  one  wire  beii^  in  the 
direction  opposite  to  the  field  around  the  one  lying  next  to 
it,  is  almost  completely  neutralized. 

-  For  the  same  reason,  we  never  lay  in  ui  iron  conduit  a 
single  wire  carrying  an  alternating  current,  but  always  install 
both  of  the  line  wires  of  a  single-phase  transmisMon  system 
in  the  same  conduit.  The  current  in  one  wire  always  being 
in  the  direcUon  opposite  to  the  current  in  the  other,  the 
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magnetic  fields  around  them  neutralize  each  other  in  spite 
of  the  nearness  of  the  iron  and  the  consequent  large  value 
for  IX.  Similarly,  all  the  line  wires  in  any  polyphase  system 
must  be  put  into  the  same  iron  conduit,  whenever  iron  con- 
duits or  protective  sheathings  are  used. 

63.  Computation  of  Reactance.  It  has  been  shown  that 
some  a-c.  circuits  contain  so  little  resistance  that  practically 
the  only  opposition  which  the  impressed  e.m.f.  has  to  over- 
come when  producing  a  current  is  the  counter  e.mi .  set  up 
by  the  inductance  of  the  circuit.  When  such  a  circuit  ex- 
ists, it  must  be  true  that  this  counter  e.m.f.  set  up  is  practi- 
cally equal  to  the  impressed  e.m.f.,  since  the  impressed 
e.m.f .  continues  to  send  greater  and  greater  current  through 
the  circuit  (there  being  practically  no  resistance  to  limit  it), 
imtil  the  counter  e.m.f .  set  up  by  the  resulting  magnetic  dis- 
turbance becomes  practically  equal  to  the  impressed  voltage. 
Then  equilibrium  is  reached;  the  current  ceases  to  increase 
and  its  effective  value  remains  unchanged. 

If  E  represents  the  effective  value  of  the  impressed  volt- 
age in  a  circuit  possessing  inductance,  but  zero  resistance, 
the  effective  value  of  the  induced  counter  voltage  can  thus 
also  be  represented  by  E.  But  we  have  seen  that  the  aver- 
age value  of  this  counter  e.m.f.  equals  the  inductance  times 
the  rate  of  change  of  the  current,  or  in  symbols 


where 


L  =  inductance  in  henrys; 
/m  =  maximum  value  of  current,  in  amperes; 
t  =  time  required  to  change  from  0  to  /«  amperes, 
(one-quarter  period). 

The  average  rate  of  change  of  an  alternating  current  de- 
pends upon  the  maximum  value  (/«)  which  the  current 
attains  and  the  time  (0  required  to  attain  it.  By  reference 
to  the  current  curve,  Fig.  174,  we  see  that  the  current  makes 
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the  change  from  zero  to  maximum,  or  vice  versa,  four  times 
during  each  cycle.    During  the  part  of  the  curve  marked : 

(1)  it  rises  from  zero  to  maximum  positive  value  /„; 

(2)  it  falls  from  maximum  to  zero; 

(3)  it  rises  from  zero  to  maximum  negative  value  — /»,; 

(4)  it  falls  from  negative  maximum  value  to  zero  again. 
Accordingly,  if 

/  =  the  nimiber  of  cycles  per  second, 
then  4/  =  number  of  changes  of  current  per  second 

between  zero  and  /m* 


Fig.  174.    The  sine-wave  of  current.    Note  that  it  changes  between 
the  values  of  O  and  Im  four  times  during  one  cycle. 

Therefore,  if  the  current  changes  4/  times  each  second 
between  the  values  0  and  !„,  amperes,  it  must  change  at  an 

average  rate  of  -j^,  or  4/7m  amperes  per  second.    That  is, 

if  the  frequency  is  60  cycles  per  second,  and  the  maximum 
eiurent  5  amperes,  the  current  makes  a  5-ampere  change 
(4  X  60),  or  240  times  a  second,  which  is  at  the  same  rate 
as  1200  amperes  once  every  second.  Here  4//«  per  second 
=  4  X  60  X  5  =  1200  amp.  per  sec. 

The  average  voltage  induced  by  the  change  of  current 
equals  the  inductance  times  this  average  rate  of  change. 

Thus  Av.  JB  =  L  X  4/7„. 

But  if  the  voltage  curve  has  the  sine  form  * 

Em  =  1.57Xav.J5. 
*  For  proof  that  this  curve  is  a  sine-wave  see  Appendix  C. 
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Therefore, 

En.  =  1.57  (L  X  4/7J 

=  6.28 /L/», 

=  2ir/L7«. 

The  inductive  reactance  of  a  circuit  has  been  defined  as 
the  ratio  of  the  volts  applied,  to  tlie  amperes  produced,  in  a 
circuit  where  the  opposition  to  the  current  is  due  to  in- 
ductance only  (that  is,  no  resistance  and  no  condenser 
effects).    Thus 

Y  _.  ^effective  __  ^m/v  2  __  Em 
/effective         /m/V^         ^m, 

when  e.m.f^  and  current  both  vary  according  to  sine  law. 
But  the  applied  .e.m.f.  is  exactly  equaled  by  the  counter 
e.m.f.  set  up  in  the  circuit  which  equals  2ir/L/»;  therefore, 

Z  =  — J , 

or  .        X  =  2^/L, 

where 

X  ==  inductive  reactance,  in  ohms; 

/  =  frequency,  in  cycles  per  sec; 

L  =  inductance,  in  henrys. 

This  is  the  regular  equation  for  inductive  reactance.  In 
fact,  many  prefer  to  represent  the  value  of  inductance  by 
the  expression  (2  wfL)  rather  than  the  sjmibol  X. 

Example  4.  One  of  the  smaller  sizes  of  reactance  coils  similar  to 
Fig.  170  has  an  inductance  of  0.13  henry  and  negligible  resistance. 
What  current  flows  when  a  25-cycle  generator  maintaining  11,000 
volts  between  its  terminals  is  short-circuited  through  this  coil? 

Z  =  2ir/L 

=  2  X  3.14  X  25  X  0.13 
=  20.4  ohms. 

X 
^  11,000 

20.4 
—  539  amperes. 
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The  effect  of  increaaii^  the  frequency,  with  its  iic company ing  in- 
creased rate  of  change  of  current,  upon  the  reactance  of  a  circuit,  in 
strikingly  illustrated  in  the  use  of  "choke  coila,"  such  as  shown  in 
Fig.  175a  and  b,  to  protect  the  generating  station  or  receiving  circuit 
from  the  effects  of  line  disturlmnces  caused  by  lightning.    (See  Chap- 
ter IV,  Second  Course.)    The  pass^e  of 
a  lightning  discharge  from  cloud  to  cloud 
or  from  clouds  to  earth  causes  a  quantity 
of  electricity  to  flow  or  surge  rapidly  from 
one  part  of  the  circuit  to  another,  pro- 
ducing very  large  currents  of  short  dura- 
tion   and   setting  up  rapid  oscillations, 

the  frequency  of  which    may  run  into  Fio.  175a.    General  Elec- 
the  millions.    Coils  C,  like  those  shown      trie  choke  coil  for  use 
in  Fig.  17oa  and  b,  are  placed  in  scries       on  a  6600-rolt  line, 
between  line  and  generators  or  between 

line  and  load,  and  the  line  connected  to  earth  through  an  air  gap  G 
near  the  coil,  as  shown  in  Fig.  175c.  When  the  current  attempts  to 
rise  rapidly  through  coils  C,  a  proportionally  high  counter  e.m.f.  is 
induced  in  them  by  their  self-inductance,  and  the  surging  current 
finds  it  ea^er  to  jump  to  earth  across  the  air-gaps  G,  than  to  pass 


Fia.  176b.    Genn^l  Electric  hour-glass  choke  coil,  35,000  volts. 

throi^h  C  and  dissipate  its  energy  destructively  upon  the  machin- 
ery. Thus,  a  coil  having  an  inductance  of  0.02  henry  may  produce 
a  sufficient  counter  e.m.f.  to  dischai^  the  line  to  earth  through  an 
air  ^p  which  it  requires  10,000  volts  to  break  down.  If  the  "  wave 
front"  of  the  current  had  Ixien  of  a  steepness  representing  a  rise  of 
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one  ampere  per  second,  0.02  volt  would  be  induced;  but  since 
10,000  volts  are  actually  induced,  the  rate  of  increase  of  current 

must  have  been      '       ,  or  500,000  amperes  per  second.    The  react- 

ance  of  such  a  coil  at  an  ordinary  commercial  frequency  of  60 
cycles  per  second  would  be  2  t/L  =  6.28  X  60  X  0.02  =  7.54  ohms, 
so  that  if  the  normal  line  cmrent  and  pressure  are  10  amperes  and 
13,000  volts,  respectively,  the  normal  drop  of  10  X  7.54,  or  75.4 
^Its  in  this  reactance  does  not  seriously  affect  the  operation  of 
the  line. 

Una 


Line 


Fig.  175c.  The  choke  coils  C  are  placed  in  the  line  to  choke  back  any 
sudden  rise  in  current  and  cause  any  excess  charge  of  electricity  to 
discharge  across  the  air-gaps  G  to  the  ground. 

Prob.  17-5.  The  generator  of  Example  4  is  3-phase,  of  720 
kv-a.  rated  capacity.  How  many  times  the  normal  current 
through  each  coil  is  the  short-circuit  current? 

Prob.  18-6.  If  the  frequency  of  the  generator  in  Example  4  had 
been  60  cycles,  what  current  would  have  flowed  through  the  coil? 

Prob.  19-6.  How  many  times  the  normal  current  would  the 
short-circuit  current  through  the  coil  be  if  the  generator  of  Prob.  18 
were  rated  as  a  3-phase  720  kv-a.? 

Prob.  20-6.    What  would  be  the  reactance  of  the  coil  in  Fig. 

163  when  on  a  60-cycle  circuit? 

Prob.  21-6.     (a)  What  reactance  would  the  coil  of  Fig.  164  have 
on  a  60-cycle  circuit? 
(6)  On  a  25-cycle  circuit? 

Prob.  22-6.    What  reactance  would  the  wire  in  the  coil  of  Fig. 

164  have,  if  used  as  a  single-phase  "line  and  return"  strung  30 
inches  apart,  and  operated  at  60  cycles? 

Prob.  23-6.  What  current  will  110  volts  at  60  cycles  force 
through  the  coil  in  Fig.  163?     Neglect  the  resistance. 
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Prob.  34-6.  What  current  will  110  volts  at  60  cycles  force 
through  coil  in  Fig.  164?    Neglect  the  resistance. 

Prob.  26-6.  If  110  volts,  25  cycles  were  used  across  the  coil  of 
Fig.  164y  what  current  would  be  forced  through  it?  Neglect  the 
resistance. 

54.  Phase  Difference  between  Current  and  E.M.F.  in 
an  Inductive  Circuit.  Having  taken  up  the  method  of 
computing  reactance  and  the  equation  by  which  we  may 
find  the  current  in  a  circuit  containing  reactance  only,  we 
must  now  consider  what  phase  relation  this  current  bears 
to  the  voltage  producing  it. 

We  have  already  seen  that  the  current  must  lag  behind 
the  voltage,  because  we  learned  that  inductance  tends  to 
choke  back  the  current  and  to  hinder  it  from  reaching  its 
maximum  value  until  some  time  has  elapsed  after  the  full 
or  maximum  voltage  was  impressed  on  a  circuit.  Fig.  167 
showed  that  in  one  particular  case,  when  a  direct  voltage 
was  impressed  on  such  a  circuit,  the  current  took  0.9  second 
to  come  up  to  its  full  value.  Similarly,  on  breaking  a  circuit, 
instead  of  the  current  ceasing  instantly,  we  have  seen  that  it 
persists  to  such  an  extent  that  it  even  flashes  across  a  long 
air  gap.  It  is  thus  late  in  growing  to  full  value  and  late  in 
dying  to  zero.  Similarly,  in  an  alternating-current  circuit, 
where  the  voltage  is  rapidly  reversing  its  direction,  the 
current  changes  always  lag  behind  the  changes  of  impressed 
voltage  which  produce  them. 

Let  us  now  see  how  many  electrical  degrees  this  lag  of 
current  may  amount  to.  We  know  that  the  induced  coun- 
ter-voltage in  such  a  circuit  depends  upon  the  rate  of  change 
of  the  current  (amperes  per  second),  which  causes  the  mag- 
netic field  to  cut  the  turns  of  the  coil.  When  the  current  is 
steady,  as  in  a  direct-current  circuit,  there  is  no  counter 
e.m.f.  and  the  resistance  alone  keeps  the  current  down. 
In  an  alternating-current  circuit  there  are  two  instants  when 
the  current  has  an  unchanging  value;  one,  when  it  has 
reached  its  maximum  positive  value  and  the  other  when  it 
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has  reached  its  maximum  negative  value.  In  Fig.  176  these 
points  are  marked  respectively  +/  and  — /  on  the  current 
curve.  At  these  two  instants  of  steady  current,  the  in- 
duced voltage  must  be  zero.  Note  that  the  induced  voltage, 
shown  by  dash  line,  has  zero  value  at  these  two  instants 
when  the  current  curve  is  at  its  maximum  or  steady  values. 


Fig.  176.  Curve  +  Em  —  Em  represents  the  voltage  impressed  across 
a  coil  possessing  inductance  only.  Curve  —  E^m  +  E'm  reprfeients 
the  counter  e.m.f.  set  up  in  this  coil  by  the  flow  of  the  alternating 
current  +  /m  —  Im.  Note  that  the  current  curve  lags  90^  behind 
the  impressed  voltage  curve. 

The  maximum  value  of  the  current,  of  course,  is  reached  90 
electrical  degrees  before  or  after  its  zero  value.  Therefore, 
if  the  zero  value  of  the  induced  voltage  comes  when  the  cur- 
rent is  at  its  maximum,  it  must  come  90®  before  or  after  the 
zero  value  of  the  current.  Similarly,  the  maximum  value  of 
the  induced  voltage  must  take  place  at  the  instant  when  the 
current  is  changing  most  rapidly.  By  inspecting  again  the 
current  curve  /  of  Fig.  176,  we  see  that  the  curve  is  steepest 
and  is,  therefore,  changing  in  value  at  the  greatest  rate  just  as 
it  is  changing  from  a  positive  to  a  negative  value  or  vice 
versa;  that  is,  as  it  is  passing  in  either  direction  through  its 
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zero  value.  The  induced  voltage,  then,  has  its  two  maximum 
values  at  the  two  instants  when  the  current  is  passing 
through  its  two  zero  values.  Here  again  we  see  that  the 
induced  voltage  differs  in  phase  with  the  current  by  90°. 

Referring  to  Fig.  176,  we  see  that  it  is  possible  to  draw 
two  curves,  E'  (dotted)  and  E  (full  line),  both  of  which  have 
the  proper  mathematical  phase  relation  to  the  current  curve 
to  efnable  them  to  represent  the  induced  counter  voltage; 
that  is,  both  are  90°  out  of  phase  with  the  curve  /.  The 
circuit  has  negligibly  small  resistance,  therefore,  the  coimter 
e.m.f.  due  to  self-inductance  is  the  only  opposition  encoun- 
tered by  the  current.  Hence  the  impressed  voltage,  which 
produces  the  current,  must  be  at  every  instant  equal  in 
value  and  opposite  in  direction  to  the  induced  e.m.f.  If 
curve  E'  represents  induced  voltage  due  to  self-induction, 
curve  E  must  represent  the  applied  voltage,  and  vice  versa. 
But  we  have  already  seen  that  the  current  lags  behind  the 
voltage  which  is  applied  to  the  circuit  to  produce  it;  there- 
fore, curve  E  mus^  represent  the  applied  voltage,  since  it  is 
the  one  that  leada^e  current;  and  curve  E'  consequently 
represents  U^  cttfftiter  e.m.f.  of  self-induction.  If  we  follow 
through  a  cycle  of  changes,  we  readily  see  that  E'  really 
opposes  the  change  of  /  at  every  instant;  while  /  is  in  posi- 
,tive  direction,  E'  is  in  the  opposite  or  negative  direction; 
jvrfaile  /  is  decreasing  in  value,  E'  is  increasing  in  value,  and 
so  forth.  In  most  electrical  problems  we  are  interested 
principally  in  the  applied  voltage  E  and  the  current  /  which 
it  produces  in  the  circuit,  and  the  counter  e.m.f.  E'y  though 
always  present,  is  seldom  represented  or  considered  in  our 
curves  and  vector  diagrams. 

Fig.  176  shows  the  impressed  voltage  curve  E  opposite,  or 
at  an  angle  of  180°,  to  the  induced  voltage  curve  E\  Fig. 
176a  shows  the  vector  E  of  the  impressed  voltage  drawn 
in  the  opposite  direction,  or  at  180°  to  E\  the  vector  of  the 
induced  voltage.  It  shows  also  the  current  vector  /  90° 
out  of  phase  with  E'  and  £?,  and  drawn  so  that  it  lags  be- 
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hind  E;  it  therefore  leads  E  by  90°.  Here  it  is  very  plain 
that  the  induced  e.m.f.  is  called  a  counter  e.m.f.  because  it 
acts  in  a  direction  opposite  to  the  impressed  e.m.f.  which 
produces  the  current.    We  usually  say  that  the  current  lags 

90°  in  a  circuit  containing  induct- 
ance only,  meaning  that  that  is 
its  phase  relation  to  the  e.m.f. 
impressed  upon  the  circuit. 

E  =  280V^  Volts 


Fig.  176a.  The  vector  dia- 
gram for  the  conditions  of 
Fig.  176.  Note  that  E'  is 
opposite  in  direction  to  E 
and  that  /  lags  90""  behind 
E,  just  as  in  Fig.  176. 


.Fig.  177.  Vector  diagram  showing 
Im  lagging  90°  behind  E  which  is 
at  its  140°  position. 


Example  6.  In  an  alternating-current  circuit  containing  40  ohms 
inductive  reactance  (no  resistance  or  capacity )«  the  effective  volt- 
age is  220  volts. 

(a)  What  is  the  effective  current? 

(b)  What  is  the  maximum  current? 

(c)  What  is  the  current  140°  after  the  voltage  passes  its  zero 
value? 

effective  voltage 


Solution.    Effective  current  = 


reactance 


or 

(a) 
and 


/  = 


Xl 


220 


I  =  ^  =  5.5  amperes  =  effective  current 
7  =  0.707/^, 


Q>) 


0.707 
5.5 


0.707 
Maximum  current »  7.8  amperes. 


=  7.8  amperes. 
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Draw  vector  as  in  Fig.  177,  when  e.m.f.  is  at  140°  phase;  then,  by 
the  equation, 

i  =  /in  sin  (140°-90*') 
=  7.8  sin  (140^^-90°) 
=  7.8  sin  50° 
=  5.97  amperes. 

Prob.  2$-6.  The  average  voltage  in  an  alternating-current 
circuit,  containing  25  ohms  inductive  reactance  only,  is  500  volts. 
Find: 

(a)  Effective  current. 

(6)  Instantaneous  value  of  voltage  when  current  is  15  amperes. 

Prob.  27-6.  The  maximum  value  of  the  current  in  an  alter- 
nating-current circuit  containing  inductance  only  is  52  amperes. 
The  average  value  of  the  voltage  is  220  volts.  What  is  the  induc- 
tive reactance? 

Prob.  28-6.  In  Prob.  27,  what  will  be  the  instantaneous  value  of 
the  e.m.f.  when  the  current  is  +  12  amperes  and  increasing? 

Prob.  2^6.  What  effective  voltage  is  required  to  force  a  cur- 
rent, whose  maximum  value  is  20  amperes,  through  18  ohms  of 
inductive  reactance? 

Prob.  30-6.  What  instantaneous  value  will  the  voltage  of  Prob. 
29  have  when  the  current  has  a  value  of  8  amperes? 

Prob.  31-6.  In  an  alternating-current  circuit  containing  induc- 
tive reactance  only,  the  voltage  is  1100  and  current  45  amperes. 
What  is  the  instantaneous  value  of  the  current  when  the  voltage  is 
300  volts? 

65.  Combined  Resistance  and  Inductive  Reactance.    In 

the*  circuits  which  we  have  considered  thus  far,  the  imped- 
ance offered  to  the  flow  of  an  alternating  current  consisted 
entirely  of  reactance,  the  resistance  in  each  case  being  too 
small  to  be  taken  into  account. 

But  aside  from  such  apparatus  as  current-limiting  re- 
actance coils  and  choke  coils  for  use  with  lightning  arresters, 
the  circuits  of  most  electrical  devices  offer  an  impedance 
which  is  made  up  of  reactance  and  an  appreciable  amount 
of  resistance. '  The  impedance  of  such  a  .circuit  is  thus  a 
combination  of  resistance  and  reactance. 
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Let  us  assume  a  series  circuit  as  in  Fig.  178,  in  which  R 
represents  a  resistance  of  3  ohms,  and  X,  an  inductive 
reactance  of  4  ohms.     (Note  the  coil,  used  to  represent  an 


-E,f  =  80rolu- 


VWSAAAAAr 
R 


-»H E^  =  40rolt»- 


X 


Fig.  178.    Diagram  of  a  circuit  containing  a  series  combination  of 

reactance  X  and  resistance  R. 

inductive  reactance  in  order  to  distinguish  it  from  the  zig- 
zag line  representing  resistance.)  Let  us  assume  10  amperes 
to  flow  in  the  circuit.    The  voltage  across  the  reactance  X 

E^—  40  volts 


Fig.  179.  Vector  diagram  of  the  voltage  relations  in  the  circuit  of 
Fig.  178.  Note  that  Exf  the  voltage  across  the  reactance  leads  Er, 
the  voltage  across  the  resistance  by  90**. 

equals  4X10,  or  40  volts;  across  R  the  voltage  equals  3X10, 
or  30  volts.  But  the  voltage  across  an  inductive  reactance 
is  always  90°  ahead  of  the  current.  Thus,  in  Fig.  179,  the 
vector  Exj  which  represents  the  40  volts  across  the  reactance, 
is  drawn  90°  ahead  of  the  vector  7,  which  represents  the 
current  through  the  circuit. 
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The  voltage  across  the  resistance  is  in  phase  with  the 
current.  In  any  circuit,  or  any  part  of  a  circuit,  which  pro- 
duces appreciably  no  magnetic  or  electric  field-of-force  around 
itself,  when  current  flows,  but  possesses  only,  resistance  which 
causes  all  of  the  power  supplied  to  it  to  be  changed  into  heat 
and  none  of  it  to  be  stored  up  or  returned  to  other  parts  of 
the  circuit,  the  current  is  at  every  instant  exactly  propor-* 
tional  to  the  instantaneous  value  of  e.m.f.  across  that  part 
of  the  circuit.  Therefore,  the  current  reaches  its  maximum 
value  at  the  same  instant  the  e.m.f.  reaches  its  maximum 
value  in  the  same  direction,  and  the  current  is  zero  at  the 
same  instant  the  e.m.f.  is  zero.  That  is,  the  e.m.f.  across 
a  non-inductive  circuit  or  part  of  a  circuit,  which  has  re- 
sistance only,  is  exactly  in  phase  with  the  current  through 
that  part  of  the  circuit.  Accordingly,  the  vector  Er,  repre- 
senting the  30  volts  across  the  resistance,  is  drawn  along  the 
current  line  I  to  show  that  it  is  in  phase  with  the  current. 
The  resultant  voltage  across  these  two  in  series  would  then 
be  Ezy  the  diagonal  of  a  parallelogram  drawn  on  Er  and 
Ex  as  adjacent  sides. 

The  value  of  the  resultant  voltage  Ez  can  be  found  from 
the  following  equation,  since  this  diagonal  is  also  the  hy- 
pothenuse  of  a  right-angled  triangle. 

=  V4(P  +  30' 

=  V2500 
=  60  volts. 

Knowing  the  pressure,  50  volts,  across  the  series  combina- 
tion and  the  current  through  the  series  combination,  we 
can  now  find  the  impedance. 
Impedance  (of  R  and  X  combined) 

_     volts  (across  combination) 
~  current  (through  combination) 

or  Z  =  ^ 

=  5  ohms. 
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The  resulting  impedance  of  a  resistance  of  3  ohms  and  an 
inductive  reactance  of  4  ohms  is  thus  seen  to  be  but  5  ohms, 
which  is  neither  the  arithmetical  sum  of  nor  the  difference 
between  the  resistance  and  the  reactance. 

The  impedance  of  a  series  combination  is  not  usually  found 
by  the  above  method,  although  the  procedure  used  is  really 
based  on  it.  Instead  of  drawing  a  vector  diagram  of  the 
voltages,  it  is  customary  to  draw  a  so-called  vector  diagram 
of  the  resistance,  reactance  and  impedance  as  in  Fig.   180. 


i 

m 

1 

X 
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FiQ.  180.    Vector  diagram  of  the  resistance,  reactance  and  impedance 

of  the  circuit  of  Fig.  178. 

First,  draw  a  vector  7  representing  the  current.  The  re- 
sistance R  is  then  drawn  in  phase,  with  the  current.  The 
reactance  X  is  drawn  leading  the  current  by  90*^.  The  im- 
pedance Z  is  then  the  diagonal  of  a  parallelogram  of  which 
X  and  R  are  adjacent  sides.  Of  course,  strictly  speaking,  a 
vector  diagram  of  resistance,  reactance  and  impedance  can- 
not be  drawn,  because  resistance,  reactance  and  impedance 
have  really  no  direction,  such  as  current  and  voltage  have. 
It  makes  no  difference  which  ends  of  the  resistance  and  of 
the  reactance  coils  are  connected  together,  the  impedance  of 
the  combination  is  the  same.  We  have  seen,  however,  what 
a  difference  is  made  in  the  resulting  e.m.f .  and  the  current  by 
the  reversal  of  the  connections  between  coils  carrying  alter- 
nating e.m.f.'s  or  currents.    By  reversing  the  connections  of 
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a  coil,  the  e.m.f .  is  made  to  act  in  the  opposite  direction,  and 
its  vector  is  turned  through  180°.  No  such  effect  is  pro- 
duced in  the  resistance,  reactance  or  impedance  of  a  coil  by 
merely  reversing  its  connection. 

The  vector  diagram  of  these  quantities,  however,  is  usu- 
ally explained  and  justified  as  follows: 

The  resistance  vector  R  in  Fig.  180  is  really  the  voltage 
vector  Er  of  Fig.  179,  divided  by  the  current  (30  volts  -5-  10 
amp.  =  3  ohms);  and  the  reactance  vector  X  is  really  the 
voltage  vector  Ex  of  Fig.  179  divided  by  the  current  (40  volts 
-r  10  amp.  =  4  ohms).  The  resultant  impedance  vector 
Z  of  Fig.  180  is  the  resulting  voltage  vector  Ez  of  Fig.  179, 
divided  by  the  current  (50  volts  -r-  10  amp.  =  5  ohms). 

The  vector  diagram  in  Fig.  180  of  resistance,  reactance, 
and  impedance  is,  then,  really  a  condensed  vector  diagram 
of  e.m.f.'s  which  have  been  divided  by  a  common  factor, 
the  current. 

From  the  diagram  in  Fig.  180,  it  is  seen  that 

The  square  of  the  impedance  equals  the  sum  of  the  squares 
of  the  reactance  and  the  resistance. 

The  equation  for  impedance  is  written 

Z  =  Vft«  +  X\ 

Note  also  from  both  Fig.  179  and  180  that  the  angle  ff"  is  the 
angle  between  the  resultant  or  total  voltage  and  the  current, 
since  the  current  must  be  in  phase  with  Er,  The  value  of  B 
can  be  found  as  follows: 

In  Fig.  179,  the  side  (a)  of  the  parallelogram  must  equal 
Ex-    Observe  that 

^     «       <*       Ex 
tand=  ^  =  ^ 

=  1.33, 
0  =  53°. 
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In  Fig.  180,  the  side  (a)  of  the  parallelogram  equals  the 
side  X.    Observe  that 

=  J  =  1.33, 
e  =  53°. 

Observe  that  the  angle  of  phase  difference  between  the 
voltage  and  current  in  a  series  combination  can  be  found 
from  either  of  the  two  equations 

Ex 


tand  = 


Er 


or  tan  ^  =  -k  * 

The  resistance  and  reactance  of  a  coil  are,  of  course,  con- 
tained in  the  same  wire,  but  since  the  same  current  is  sent 
through  the  coil  against  each,  the  resistance  and  reactance 
of  such  a  coil  are  treated  as  being  m  series.  This  is  in  accord 
with  the  definition  of  a  series  circuit  as  one  in  which  the 
same  current  flows  in  all  parts. 

02  ohms  SO  ohms 

^AAAAAA/ nmc^ 


Fig.  181.    Part  of  an  electric  circuit  possessing  a  resistance  of  52  ohms 

and  a  reactance  of  20  ohms. 

In  solving  problems  on  impedance,  it  is  always  best  to 
draw  a  diagram  of  the  electrical  connections  and  the  vector 
diagram.    Sine  curves  are  also  often  a  great  help. 

Example  6.  What  is  the  impedance  of  a  coil  having  52  ohms 
resistance  and  20  ohms  inductive  reactance,  when  used  in  a  60- 
cycle  circuit? 

Draw  the  diagram  of  electrical  connections  as  in  Fig.  181.  Con- 
struct the  vector  diagram  as  in  Fig.  182.  From  vector  diagram, 
write  the  equation  

Z  =  VX»  +  R" 

=  V20H-52" 

=  V3104 
=  55.7  ohms. 
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Example  7.  What  will  be  the  phase  difference  between  the 
cmrent  and  the  voltage  across  the  coil  of  Example  6? 

The  vector  of  resultant  voltage       ^ _^ 

across  the  coil  must  lie  along  the 
line  Zf  representing  the  total  im-    s 
pedance  in  Fig.  182.     Similarly,     * 

the  vector  representing  the  com-       

ponent  of  voltage  used  to  over-  r-m 

come  resistance   must  lie  along   Fig.  182.    Vector  diagram  of  the 

the  line  R  and  be  in  phase  with       resistaDce,  reactance  and  imped- 

the    current    through    the    coil.       ance  of  the  part  of  an  electric 

Thus  d  must  represent  the  angle       circuit  shown  in  Fig.  181. 

of  phase  difference  between  the 

voltage  and  current,  whatever  the  value  of  these  may  be. 

tan  ^  =  §}  =  0.385, 
6  =  21°. 

Prob.  32-5.  What  is  the  impedance  of  the  coil  in  Fig.  163 
when  on  a  60-cycle  circuit? 

Prob.  33-6.  What  current  must  flow  when  the  coil  in  Fig.  163 
is  placed  across  11  volts,  60  cycles? 

Prob.  34-6.  If  the  coil  in  Fig.  163  were  placed  across  11  volts, 
120  cycles,  what  current  would  flow  through  it? 

Prob.  36-6.  What  would  be  the  impedance  of  a  "line  and 
return"  composed  of  the  wire  of  coil  in  Fig.  163,  strung  30  inches 
apart,  if  a  60-cycle  frequency  were  used? 

Prob.  36-6.  How  much  current  would  flow  through  a  coil  of 
0.08  henry  inductance  .and  20  ohms  resistance  when  220  volts  at 
60  cycles  is  applied  across  its  terminals? 

Prob.  37-6.  What  would  be  the  phase  relation  between  the 
current  and  voltage  in  the  coil  of  Prob.  36? 

56.  Power  Consumed  by  Impedance.  Since  we  can  find 
the  value  of  the  angle  d  between  the  current  and  voltage 
across  an  impedance,  we  can  also  find  the  power-factor  of 
the  appliance.  The  power-factor,  it  will  be  remembered, 
is  the  cosine  of  the  angle  6.    Thus,  in  Fig.  179  and  180, 

Er  r 

coaS  =  g-f    or    ^  • 
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But 
and 

Thus 
or 


Ez 
Z  = 

cos  6  = 
cos^  = 


VX^  +  FP, 
Er 

VEz"  +  E^ 
R 

VIP  +  X^ ' 


Example  8.    Find  the  power  consumed  by  a  coil  having  15  ohms 
resistance  and  20  ohms  reactance  on  a  60-cycle  circuit  of  110  volts. 
Construct  connection  diagram  as  in  Fig.  183. 


SOohma 


X 


15  ohm* 

AAAAAA 

R 


110  volU 


M 


Fig.  183.    Diagram  of  a  circuit  possessing  reactance  and  resistance. 

Draw  impedance  diagram  as  per  Fig.  184. 

^=  VlS^  -h  20* 


Fia.  184.  Vector  diar 
gram  of  the  circuit  of 
Fig.  183,  possessing 
reactance  and  resist- 


=  25  ohms. 

The  current  can 

L  then  be  found  by  the 

equa- 

tion, 

E 

I 

=  w          1 

=  4.4  amp. 

P 

=  IE  cos  e. 
R 

CO6  0 

^s     — ~  *                                                             * 

Z 

P 

=  4.4  X  110  X  i* 
=  290  watts. 

ance. 


Note  that  no  power  is  consumed  in  forc- 
ing this  current  against  the  reactance  of  the 
coil,  since  that  part  of  the  voltage  used  to  overcome  the  reactance 
is  at  90®  to  the  current.  This  is  further  shown  by  finding  the  power 
used  in  forcing  the  current  through  the  resistance,  and  noting  that 
this  is  all  the  power  consumed  by  the  coil. 

=  4.4«  X  15 
=  290  watts. 
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Note  that  the  power  consumed  by  the  resistance  as  computed  in 
this  way  is  the  total  power  consumed  by  the  coil  as  computed  by 
the  equation  for  the  coil, 

Prob.  88-6.  What  power  is  consumed  in  a  circuit  containing 
18  ohms  impedance?  Voltage  =  110  volts.  Power-factor  =  90 
per  cent. 

Prob.  89-6.  How  many  ohms  reactance  and  how  many  ohms 
resistance  are  there  in  the  circuit  of  Prob.  38-5? 

Prob.  40-6.  What  is  the  power-factor  in  a  circuit  which  con- 
tains 20  ohms  resistance  and  14  ohms  reactance? 

Prob.  41-6.  What  power  is  consumed  in  circuit  in  Prob.  40,  if 
the  voltage  is  220  volts? 

Bcob.  42-6.  How  many  amperes  reactive  component  of  cur- 
rent are  there  in  Prob.  41? 

Prob.  43-6.  A  110-volt  60-cycle  circuit  contains  20  ohms  re- 
sistance, only. 

(o)  What  current  flows? 

(6)  What  power  is  consumed? 

Prob.  44-6.  How  much  would  the  current  in  Prob.  43  be  re- 
duced to,  if  a  coil  of  neghgible  resistance  and  0.2  henry  inductance 
were  placed  in  series  with  the  20  ohm  resistance? 

Prob.  46-6.  What  power  would  be  consumed  by  the  circuit  in 
Prob.  44? 

Prob.  4^6.    A  coil  of  0.015  henry  inductance  and  4  ohms  re- 
sistance is  connected  across  40-cycle  110-volt  mains, 
(a)  What  is  the  power-factor? 
(6)  What  power  is  consumed  by  coil? 

67.  Impedance  in  Series.  The.  resistance  of  a  series 
combination  equals  the  arithmetical  siun  of  the  resistances 
of  the  parts. 

The  inductive  reactance  of  a  series  combination  of  inductive 
reactances  equals  the  sum  of  the  inductive  reactances  of 
the  separate  parts. 

Thb  is  seen  to  be  true  if  we  consider  that  the  same  current 
would  flow  through  the  two  when  in  series  and  that  both 
resistance  drops  (or  voltages  required  to  overcome  resist- 
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ance)  would  be  in  phase  with  the  current  and,  therefore,  in 
phase  with  each  other,  and  that  both  reactance  drops  lead 
the  current  by  90^  and  are,  therefore,  in  phase  with  each  other 
and  90^  ahead  of  the  resistance  drops. 


X  B  t  ohms 


^Tnnnnr^ 


X-lOohniA 


Fig.  185.    The  two  .reactances  X  and  Zi  are  in  series. 

In  constructing  the  impedance  diagram,  therefore,  we 
would  draw  the  two  reactances  on  a  line  at  right  angles  to 
the  current  vector.  The  resultant  of  these  reactances  would 
be  merely  the  arithmetical  siun,  inasmuch  as  they  lie  along 
the  same  line  in  the  same  direction.    Thus,  the  resultant  of 

XllOohms 


■M 


Fig.  186.  Vector  diagram  of  the  reactances  X  and  Xi  shown  in  Fig. 
185.  Note  that  they  both  lie  along  the  same  line,  90°  ahead  of  the 
current  vector  /. 

the  two  reactances  8  ohms  and  10  ohms,  joined  as  in  Fig. 
185,  equals  the  sum  of  the  vectors  X  and  Xi,  or  18  ohms, 
in  Fig.  186.  Both  vectors  are  drawn  at  right  angles  to  the 
current  vector  7,  and  leading  it. 

The  impedance  of  a  series  combination  of  resistances  and 
inductive  reactances  equals  the  vector  sum  of  the  resistances 
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and  reactances  of  the  separate  parts.    This  has  been  shown 
in  the  previous  pages. 

The  impedance  of  a  series  combination  of  impedances, 
each  composed  of  resistance  and  inductive  reactance,  equals 
the  vector  sum  of  the  separate  resistances  and  inductive 
reactances  which  combine  to  make  up  the  impedances.  This 
is  self-evident  from  the  previous  discussions. 

Therefore,  in  order  to  find  the  impedance  of  such  a  com- 
bination we  must  know  the  reactance  and  resistance,  or  what  is 
equivalent,  the  power-factor  and  impedance,  of  each  compo- 
nent part  It  is  impossible  to 
find  the  impedance  of  a  circuit 
which  contains,  say,  8  ohms 
impedance  (Z)  in  series  with  10 
ohms  impedance  (Zi),  unless  we 
know  how  much  resistance  or  re-  7 " ' 
actance  each  of  the  impedances 
contain,  in  order  to  be  able  to  Fig.  187.  The  impedance  Z  is 
obtain  the  proper  phase  rela-  made  up  of  R  and  X.  The 
tions  of  one  to  the  other.    But     ?°^;!,*^*^^^  ^  ""^^^  ^^* 

..         ,  xi_  X  XL     o     L      •  be  30%  because  COB  30**  =  0.87. 

if  we  know  that  the  8-ohm  im- 
pedance has  a  power-factor  of  87  per  cent  and  the  10-ohm 
impedance  has  a  power-factor  of  64  per  cent,  we  know  that 
the  angle  d,  Fig.  187,  between  Z,  the  impedance  8  ohms,  and 
R  the  resistance  part  of  this  impedance  must  equal  30°,  since 
0.87  must  equal  cos  d  and  0.87  is  the  cosine  of  30**.    From  the 

diagram,  Fig.  187, 

B  =  ZcoaS 

=  8  X  0.87 

=  6.96  ohms; 

X  =  Z  sm  ^ 

=  8  X  0.500 

=  4  ohms. 

The  impedance  Z,  8  ohms,  is  thus  made  up  of  4  ohms  re- 
actance and  6.94  ohms  resistance.  Similarly,  by  Fig.  188, 
we  see  that  the  10-ohm  impedance  Zi  is  made  up  of  Ri  at 
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Sff  to  Zi  (since  0.64  =  cosine  of  50'')  and  of  Xi  at  right 
angles  to  i2i.    From  Fig.  188 

Ri  =  Zi  cos  50' 

=  10  X  0.64 

^  6.4  ohms; 
Xx  =  Zi  sin  50° 

=  10  X  0.77 

=  7.7  ohms. 

The  resistance  part  of  the  resultant  impedance,  then,  equals 
6.4  +  6.96,  or  13.36  ohms,  and  is  represented  by  the  line 
Bi  in  Fig.  189.    The  reactance  part  of  the  resultant  equals 
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Fig.  188.  The  impedance  Z\  is 
made  up  of  the  resistance  R\ 
and  the  reactance  X\.  The 
angle  between  Zi  and  Ri  »  50*^, 
because  this  is  the  angle  of 
which  0.64  is  the  cosine. 


FiQ.  189.  Z\  is  the  resulting  im- 
pedance of  a  series  combination 
of  R^  Rif  X  and  Xi,  which  are 
in  themselves  merely  component 
parts  of  impedances  Z  and  Zi  of 
Figs.  187  and  188. 


4  +  7.7,  or  11.7  ohms,  and  is  represented  by  the  line  Xt, 
drawn  at  90^  to  the  resistance  line  722.  Zs,  the  resulting  im- 
pedance, equals  the  diagonal  of  the  parallelogram  drawn  on 
these  two  sides. 

=  Vl78  +  137 
=  17.7  ohms. 
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The  resultant  impedance  of  the  two  impedances  8  and  10 
ohms,  respectively,  joined  in  series  is  therefore  17.7  ohms. 

The  same  result  can  be  obtained  by  constructing  a  single 
diagram  as  in  Fig.  190,  drawing  Z  at  30°  to  the  current 


Fia.  190.    Za  is  the  resultant  impedance  of  the  series  combination  of 
impedances  Z  and  Zi.    This  figure  is  equivalent  to  Fig.    189. 

vector,  and  Zi  at  50°  to  the  same  vector.  The  angle  l:)etween 
Z  and  Zi  =  50°  -  30°  =  20°.  The  value  of  Zz,  the  resultant, 
can  be  found  from  the  equation  for  the  diagonal  of  a  paral- 
lelogram. 

Z2  =  VZ2  +  Zi2  +  2  ZZi  cos  0 

=  V64  +  100  +  2X8X10X  0.94 
=  17.7  ohms. 

Prob.  47-6.  In  testing  the  impedance  of  the  different  phases  of  a 
three-phase  automatic  starter,  it  was  found  that  the  first  phase 
had  an  impedance  of  20  ohms,  the  second,  15  ohms,  and  the  third, 
18  ohms.  If  the  power-factor  of  each  phase  is  the  same,  what  would 
be  the  impedance  of  a  series  combination  of  the  first  and  second 
phases? 

Prob.  48-6.  If  the  power-factor  of  the  first  phase  of  the  motor 
in  Prob.  47  were  0.80  and  the  power-factor  of  the  third  phase  were 
0.85,  what  would  be  the  impedance  of  the  series  combination  of 
Prob.  47? 
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Prob.  49-5.  If  the  power-factors  of  the  phases  of  Prob.  48 
were  unknown,  but  the  resistance  of  the  first  and  the  third  were 
found  to  be  16  ohms  each,  what  would  be  the  impedance  of  a 
series  combination  of  the  first  and  the  third? 

58.  Impedance  of  Parallel  Combinations.  When  any 
number  of  appliances,  containing  resistance,  reactance  or 
impedance  are  in  parallel: 

First:  Find  the  amperes  per  volt  through  each  branch. 

Second:  Add  these  currents,  paying  attention  to  their 
phase  relation  to  one  another.  This  gives  the  current 
through  the  combination  for  1  volt  e.m.f.  across  the 
combination. 

Third:  Divide  the  1  volt  e.m.f.  across  the  combination 
by  the  current  per  volt  through  the  combination.  The 
result  is  the  impedance  of  the  combination,  regardless 
of  how  many  or  of  what  sort  the  branches  are. 

Example  9.  Find  the  impedance  of  the  parallel  combination  of 
Fig.  191. 

Rm  1  ohms 

vvww^ — 


X»  8  ohms 


^T^JTH^M^ 


Za>5  ohms,  oos^'SO^ 


Zp  10  ohms,  cos  0- 50  ^ 

— ^MAA/7roy^ 


Fig.  191.    A  parallel   combination  of   impedances,   resistances  and 

reactances. 


First: 

Branch 

Amp.  per  volt 

Angle  between  current  and  voltace 

R  =   4  ohms 

0.25    amp. 

In  phase 

X=    8    " 

0.125     " 

90^'lag 

Z=    5     " 

0.20      " 

37**  "  (0.80  =  cos  37^) 

Zi  =  10     " 

0.10      " 

60**  "   (0.50  =  cos  60^) 
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Second:  Construct  vector  diagram,  Fig.  192,  to  find  sum  of 
currents  per  volt  through  the  combination. 


I^  J  Amp. 


Ix  »»I35  Amp.. 

Fig.  192.    The  vector  diagram  for  the  currents  which  one  volt  alternat- 
ing e.m.f.  would  send  through  the  several  parallel  paths  of  Fig;  191. 

Component  of  0.25  amp.  current  in  phase  with  voltage 

=  0.25  Xcos  0°  =  0.25  Xl  =0.25 
Component  of  0.125  amp.  current  in  phase  with  voltage 

=  0.125  X  cos  90°  =  0.125  X  0  =0.00 
Component,  of  0.20  amp.  current  in  phase  with  voltage 

=  0.20  X  cos  37°  =  0.20  X  0.80  =  0.16 
Component  of  0.10  amp.  current  in  phase  with  voltage 

=  0.10    X  cos  60°  =  O.io    X  0.50  =  0.05 

Total  current  in  phase  with  voltage  =  0.46  amp. 

Component  of  0.25  amp.  current  lagging  90°  behind  voltage 

=  0.25    X  sm   0°  =  0.25    X  0  =  0.000 
Component  of  0.125  amp.  current  lagging  90°  behind  voltage 

=  0.125  X  sin  90°  =  0.125  X  1  =  0.125 
Component  of  0.20  amp.  current  lagging  90°  behind  voltage 

=  0.20    X  sin  37°  =  0.20    X  0.6  =  0.120 
Component  of  0.10  amp.  current  lagging  90°  behind  voltage 

=  0.10    X  sin  60°  =  0.10    X  0.866  =  0.087 

Total  current  lagging  90°  behind  voltage  =  0.332 

Construct  Fig.  193  drawing  vector  for  0.332  amp.  90°  behind 
vector  for  0.46  amp.  and  find  resultant. 

/=  V0.33g  +  O.iffl 

=  Vo.3225 
=  0.568  amp. 
The  current  through  the  combination  equals  0.57  ampere  per 
▼olt 
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TbinL  The  impedance  ci  the 
combination  equals  the  ratio  of 
the  voltage  across  the  combina- 
tion to  the  current  through  the 
combination. 


4ttAmp.  1=^558  Amp. 

Fig.  103.  Vector  diagram  for  the 
resulting  current  which  1  volt 
would  force  through  the  parallel 
combination  of  Fig.  192. 


0.57 
—  1.75  ohms. 

The  angle  of  lag  between  re- 
sulting current  and  voltage  is 
found  as  follows: 


,      ^      0.332      ^^^ 

e  =  35^  50'. 
The  power-factor  of  the  combination  can  be  computed  as  follows: 

COS  ^  = =  0.81, 

0.568  ' 

Power-factor  «  81  per  cent. 

By  this  method  the  resulting  impedance,  power-factor,  etc.,  of 
all  parallel  combinations  can  be  found. 

Prob.  60-6.  An  arc  lamp  containing  11  ohms  resistance  and 
9  ohms  reactance  at  60  cycles  is  placed  in  parallel  with  a  choke 
coil  having  0.03  henry  inductance  and  6  ohms  resistance  across  a 
60-cycle  circuit.     What  is  the  impedance  of  the  combination? 

Prob.  61-6.  If  the  parallel  combination  of  Prob.  50  were  placed 
across  a  25-cycle  circuit,  what  would  be  the  impedance  of  the  com- 
bination? 

Prob.  62-6.  What  is  the  power-factor  of  the  combination  of 
Prob.  50? 

Prob.  69-6.  What  is  the  angle  of  phase  difference  between  the 
current  and  voltage  of  the  combination  in  Prob.  51? 

Prob.  64-6.  An  induction  coil  of  20  ohms  impedance  and  75 
]»er  cent  power-factor  is  placed  in  parallel  with  a  choke  coil  of  18 
ohms  impedance  and  3  per  cent  power-factor.  What  is  the  im- 
pedance and  power-factor  of  the  combination? 
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69.  Mutual  Inductance.    It  has  been  shown  that  when 
a  current  through  a  circuit  changes  in  value,  the  accompany- 
ing change  in  the  magnetic  field  causes  the  wire  of  the  cir- 
cuit to  be  cut  by  its  own  linee  of  force.     This  induces  a 
counter  e.m.f.  in  the  circuit  which 
opposes  any  change  in  the  current. 
But  an  e.m.f.  is  induced  not  only 
in  the  wire  of  the  circmt  itself,  but 
also  in  the  wires  of  every  other 
circuit  that  may  be  near  enough 
to  be  cut  by  the  changing  mag- 
netic field.     To  show  this,  we  will 
take  two  coita  A  and  B,  as  in  Fig. 
194.     Coil  A  is  placed  within  coil 
B,  but  has  no  electrical  connection 
to  it  '  Across  the  terminals  of  £  a 
voltmeter  is  placed.    Now  when 
switch  S  is  thrown  to  power,  a 
current   rushes   into   coil  A    and 
flows    aroimd    the    coil    counter- 
clockwise, as  marked.     But  also,  pia.  194.   Con  B  hu  no  eleo- 
strangely    enough,    a    momentary      trical  concectioD  to  coil  A, 
current  flows   around   in   coll   B;      y*^'  vhea  b.  current  is  grow- 
through  the  voltmeter,  only  in  the      ""sj"  ^'/  '^y^  '^"'™°* 

Jl      ji       i!  TIL-  t*"*^  to  flow  m  B. 

oppoate  direction.     This  momen- 
tary current  in  B  laste  but  for  Kh  instant,  and  dies  out. 

If,  now,  we  suddenly  open  the  switch  S,  in  order  to  stop 
the  current  in  A,  we  notice  that  another  momentary  current 
is  set  up  in  B.  This  time  the  momentary  current  in  B  is  in 
the  same  direction  as  the  current  we  are  stoppii^  in  A. 
This  momentary  current,  like  the  first  one,  dies  out  almost 
instantly.  Thus  when  we  closed  the  switch  and  started  a 
current  in  A,  we  noticed  a  momentary  current  set  up  in  B, 
opposite  in  direction  to  the  current  we  were  starting  in  A.  _ 
On  the  other  hand,  while  we  were  stopping  the  current  in 
A,  we  noticed  a  momentary  current  set  up  in  £,  in  the  same 
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direction  as  the  one  we  were  stopping.  These  momentary 
currents  in  the  coil  B  are  due  to  the  e.m.f.  induced  in  the 
wires  of  this  coil  by  the  changing  magnetic  field  around  the 
wires  of  coil  A.  Whenever  two  circuits  are  so  arranged 
that  a  change  in  the  current  of  one  produces  an  induced 
e.m.f.  in  the  other,  the  circuits  are  said  to  possess  the  prop- 
erty of  mutual  inductance. 

Note  that,  although  in  one  case  the  induced  current  in  B 
was  in  the  opposite  direction  to  the  current  in  A,  and  in  the 
other  case  in  the  same  direction,  in  both  cases  it  opposed  the 
change  of  current  taking  place  in  A.  It  opposed  the  setting  up 
of  a  current  in  A,  when  we  closed  the  switch,  by  setting  up 
a  cm-rent  in  the  opposite  direction.  When  we  opened  the 
switch,  it  opposed  the  stopping  of  the  current  in  il,  by  setting 
up  one  in  the  same  direction  as  the  one  we  were  stopping. 
In  each  case  as  soon  as  the  change  of  current  in  A  had  ceased, 
the  induced  current  died  out. 

Let  us  also  consider  the  magnetic  field  set  up  by  these  in- 
duced currents  in  B.  When  we  sent  the  current  into  A,  we 
were  setting  up  a  field  within  the  coil  making  the  near  end 
a  north  pole.  Note  that  the  induced  current  in  B  opposed 
this  setting  up  of  a  north  pole  by  setting  up  a  field  with  a 
south  pole  at  this  end,  tending  to  neutralize  the  former. 
But  after  the  field  was  once  set  up,  the  current  in  B  ceased 
trying  to  neutralize  it  and  stopped  flowing.  As  soon,  how- 
ever, as  we  began  to  destroy  the  field,  by  stopping  the  cur- 
rent in  A,  a  current  was  induced  in  B,  which  opposed  the 
dying  out  of  the  field,  by  setting  up  a  field  of  its  own  in  the 
same  direction  as  the  one  we  were  destroying.  In  each  case 
the  field  of  the  induced  current  opposed  the  change  that  was 
taking  place  in  the  field  within  the  coils. 

Here  again  the  induced  currents  in  B  obey  Lenz's  law  by 
always  opposing  the  change  of  the  current  in  the  first  coil. 
They  do  this  by  tending  to  set  up  a  magnetic  field  which 
shall  oppose  any  change  in  the  magnetic  field  existing  in  the 
first  coil. 
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An  induced  e.m.f.,  whether  in  the  circuit  in  which  changes 
are  being  made  or  in  adjacent  circuits,  always  has  this  ele- 
ment of  oppositioD  to  change.  This  is  why  inductance  is 
likened  to  inertia.  But  it  must  be  remembered  that  this 
property  lies  entirely  in  the  magnetic  field  of  the  circuit  and 
not  in  the  current.  An  electric  current  offers  no  opposition 
to  change;  in  other  words,  it  has  no  inertia.  The  entire 
opposition  rests  in  the  inertia  of  the  magnetic  field,  which 
acts  like  a  flywheel  on  the  circuit,  and  opposes  any  change. 
It  offers  this  opposition  both  in  the  case  of  mutual  and  self- 
induction  by  cutting  the  wires  of  the  circuits  and  setting  up 
a  counter  e.m.f.  We  have  seen  how  this  takes  place  in  the 
case  of  self-induction;  we  will  now  study  the  actions  of 
mutual  induction. 

Fig.  195  (a)  and  (b)  represents  a  cross  section  of  the  coils 
in  Fig.  194.     When  the  current  is  sent  into  the  coil  A,  as 


Q   ©   ©   ©  © 


Fio.  195.     (a)  represents  an  end  view  of  the  coils  in  Fig.  195.     (6) 
represents  a  longitudinal  section  of  the  same  coib. 

marked  on  the  wire  ends  A  and  At,  a  field  grows  out  around 
wires  as  marked.  This  causes  a  clockwise  field  to  grow 
around  the  top  wires  of  coil  A  and  a  counter-clockwise  field 
around  the  bottom  \vires.  This  field  spreads  out  in  ever- 
widening  rings  as  the  current  is  increased  and  cuts  across, 
the  sides  of  the  coil  B.    Tbb  is  shown  in  Fig.  196  (1),  (2), 
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(1) 


(3),  where  the  wire  A  represents  the  end  of  a  wire  in  coil  il, 
and  B  represents  the  end  of  a  wire  in  coil  B.    It  shows  that 

as  the  current  in  A  grows, 
/^  ^q\  the  magnetic  field  caused  by 

^^  ^^s=2S.         ill  spreads  out  and  cuts  across 

the  wires   of   coil   B.     The 

wires  on  the  top  of  coil  B  are 

cut  by  the  lines  as  they  move 

(2)  C3)  upward.    This  is  equivalent 

Fig.  196.  An  enlarged  view  of  three  to  the  wires  of  B  moving 
wire  enda  from  the  top  of  Fig.  downward  and  cutting  the 
195a.  This  shows  how  the  grow-  lines  as  shown  in  Fig.  197. 
ing  field  around  the  wir^  of  coil  g  applying  the  right-hand 
A  spread  out  and  cut  the  wires       ,      ^^  ^       .,    .  .,  i  , 

of  coil  B  ^^®»  ^®  ^^  ^^^^  there  would 

be  a  voltage  induced  in  B 

tending  to  send  the  current  out  of  B,    This  is  in  the  opposite 

direction  to  the  inducing  current  in  A. 
If  we  apply  this  to  the  lower  sides  of  the  coil,  Fig.  195,  we 

find  that  the  growing  current  in  coil  A  is  out  in  the  wires 

Ai  at  the  bottom,  and  that 

the  wires  Si  of  coil  B  are  cut 

by  the  growing  field  in  such  a 

way  as  to  induce  a  voltage 

which  tends  to  send  a  current 

in  at  Bi.     Here  again  we  see 

that   the    induced   voltage    in 

coil  B  is  opposed  in  direction  ^^   ^^^     ThiTlhows  how  the 
to  the  increasing  current  in  coil 
A.    If  we  look  at  the  end  of 
the  coil.  Fig.  198,  we  see  that 
the  inducing  electric  current 
in  il  is  in  a  counter-clockwise 
direction.     As   long   as   it   is 
increasing,  it  is  causing  an  induced  current  to  flow  in  B  in 
a  clockwise  direction. 
The  magnetic  field  in  the  air  core,  due  to  the  current  in  B, 


E.M.P. 

Induced 

inB 


Flax 


EqniTftlait 
MoUonof  B 


movement  up  of  the  growing 
field  across  the  wires  of  coil  B 
is  equivalent  to  a  downward 
movement  of  the  wires  of  B 
across  the  field  around  the 
wires  to  A. 
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is  opposed  to  the  building  up  of  the  field  due  to  the  current 
in  A, 

The  current  in  A  is  trying  to  build  up  a  field  out  (Fig. 
198),  while  the  current  induced  in  B  tends  to  oppose  this 
building  up  of  a  field  out  by  neutral- 
izing it  with  a  field  in. 

60.  Induction  Coils.  There  is  no 
electrical  connection  between  coils  A 
and  B  of  Fig.  194.  They  are  very 
carefully  insulated  from  each  other. 
Yet  all  the  time  that  a  current  is  in- 
creasing in  one  direction  m  A,  it  ^^  ^gg  ^o^  ^^^  ^^^ 
causes  a  current  to  build  up  in  B.  geid  due  to  the  current 
The  field  of  this  uiduced  current  in  B  mAiaoiU  and  the  field 
opposes  the  building  up  of  the  field  by  due  to  the  current  in  B 
the  current  in  A.  As  soon  as  the  ^  *^' 
current  in  A  reaches  its  normal  value,  the  lines  of  force 
around  the  wires  no  longer  will  be  spreading  out  and  there 
will  be  no  lines  cutting  the  sides  of  B,  and  thus  the  induced 
current  in  B  will  die  out. 

The  induced  current  thus  lasts  only  as  long  as  the  ''pri- 
mary" current  (the  current  in  A)  is  growing.  While  the 
current  in  A  was  growing,  it  had  to  overcome  both  the  re- 
sistance of  the  wires  composing  the  coil,  and  also  the  oppo- 
sition of  the  induced  current  in  B  to  the  building  up  of  the 
field.  As  soon  as  the  current  in  A  reached  its  normal 
value,  the  induced  current  in  B  died  out,  and  there  was 
left  only  the  resistance  of  the  wires  of  A  to  be  overcome. 

In  order  to  produce  a  persistent  voltage  across  the  termi- 
nals of  coil  B,  therefore,  it  is  necessary  to  keep  the  current 
in  A  continually  changing.  Induction  coils  are  built  so  that 
a  direct  current  sent  into  coil  A  will  be  interrupted  very  rap- 
idly by  some  special  device,  and  the  ever-changing  current  in- 
duces a  voltage  across  the  coil  B.  Furthermore,  an  iron  core 
is  inserted,  which  greatly  increases  the  number  of  magnetic 
lines,  and  the  coil  B  has  many  more  turns  of  wire  than  coil 


266  ALTERNATING-CURRENT  ELECTRICITY 

A  J  so  that  the  field  around  each  wire  of  A  cuts  a  great  many 
wires  of  the  coil  B.  This  causes  the  voltage  induced  in  B  to 
be  as  many  times  greater  than  that  across  ii,  as  is  desired. 
Thus,  if  coil  B  has  ten  times  as  many  turns  as  coil  A,  the 
voltage  induced  in  B  will  be  approximately  ten  times  the 
voltage  across  A.  For  if  every  line  of  force  set  up  around  A, 
for  instance,  cuts  two  turns  of  coil  A  and  twenty  turns  of 
coil  B,  it  is  easy  to  see  that  ten  times  as  much  voltage  will 
be  induced  in  coil  £  as  in  coil  A.  Of  course  there  are  alwa3rs 
some  lines  set  up  (called  leakage  lines)  which  do  not  cut  the 
wires  of  B,  so  that  the  ratio  of  the  voltage  is  always  slightly 
less  than  the  ratio  of  the  turns.  Such  coils  are  used  for 
purposes  requiring  a  high  voltage,  where  but  little  power  is 
necessary,  as  in  electric  ignition  systems,  X-ray  apparatus, 
etc. 

61.  Transformers.  The  wide  use  of  alternating-current 
systems  is  due  largely  to  the  possibility  of  utilizing  trans- 
formers, which  depend  for  their  action  upon  this  mutual 
induction  between  two  coils.  Each  transformer  consists 
of  two  coils,  one  of  a  few  turns  of  large  conductors,  called 
the  low-tension  coO,  and  the  other  of  many  turns  of  compara- 
tively small  conductors,  called  the  high-tension  coil.  The 
coil  by  which  the  power  enters  a  transformer  is  always 
called  the  Primary;  the  coil  by  which  it  leaves  is  called  the 
Secondary. 

It  is  well  known  that  it  is  much  more  economical  to  trans- 
mit power  at  high  voltages.  Accordingly,  at  a  generating 
station  the  primary  coil  is  the  one  of  few  turns  and  is  con- 
nected to  the  generator.  The  secondary  coil  of  many  turns 
is  connected  to  the  line.  The  voltage  of  the  line  is  then 
approximately  as  many  times  higher  than  the  voltage  of  the 
generator  as  the  number  of  turns  in  the  line  coiKis  greater 
than  those  in  the  coil  connected  to  the  generator.  A  trans- 
former so  connected  is  called  a  "Step-up"  transformer. 
Since  it  is  difficult  to  use  this  high  voltage  for  driving 
motors,  etc.,  it  is  "stepped  down"  wherever  it  is  to  be  used. 
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l^iis  is  done  by  using  the  same  kind  of  transformer,  con- 
nectii^;  the  high-tension  side,  as  primary,  to  the  line,  and 


Flo.  199.  General  Electric  10-kv-a.  transformer  removed  from  the 
case.  The  high-tension  coils  are  made  to  operutc  on  2200  volts;  the 
low-tenaion  on  220  and  110  volts. 

connecting  the  low-ten.sion  side,  as  secondary,  to  the  motor. 
Thus,  by  means  of  two  tran.sformers  of  tlie  same  kind,  alter- 
nating-current power  may  be  generated  and  used  at  low 
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voltage,  yet  transmitted  at  voltages  as  higb  or  150,000  volts 
(at  the  present  time) .  The  transformers  of  the  present  date 
being  remarkably  efficient,  the  loss  in  transmis^on  is  thus 
reduced  to  a  minimum. 

Fig.  199  and  200  show  the  appearance  and  construction 
of  a  10-kv-a.  transformer  for  changing  from  2200  to  110  or 


Fig.  200.    Horiiontal  section  of  the  tronaTonner  showD  in  Fig.  199. 

220  volts.  Note  that  both  the  high-  and  the  low-tension  coils 
are  wound  on  the  same  iron  core.  The  magnetic  path  is  in 
the  form  of  four  rings  of  laminated  iron. 

The  action  of  a  transformer  is  exactly  similar  to  the  action 
of  the  induction  coils  explained  in  the  previous  paragraph 
except  that  the  current  in  the  primary  coil  does  not  have  to 
be  periodically  broken  in  order  to  chaiy^e  the  magnetic 
flux  and  so  induce  a  voltage  in  the  secondary.  The  current 
in  the  primary  is  continually  alternating  so  that  the  flux  is  ■ 
also  always  alternating.  This  sets  up  an  induced  alternating 
e.m.f.  in  the  secondary.  The  characteristics  and  use  of 
transformers  of  various  types  are  fully  described  in  Chapter 
XI. 

Conventional  diagrams  for  a  transformer  are  shown  in 
Fig.  201  and  202.  In  Fig-  201  is  seen  how  the  method  of 
interlinkages  between  electric  circuit  and  magnetic  circuit 
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facilitates  the  explanation  of  the  action.  On  the  low-tension 
side  of  the  transformer  there  are  3  turns  shown;  on  the  high- 
tension  side,  7  turns. 
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CoU 


HlchTaDalon 
Oofl 


Hlgb  TenBlon 
CoU 


oooo6flflOT(nrj 

Low  Tension 
CoU 


Fig.  201.  The  oonventional  diagram  of  a  transformer.  Since  the 
high-tension  ooil  is  represented  with  seven  turns  to  three  of  the  low- 
tension  coil  the  voltage  of  the  high-tension  side  must  be  J  of  the  low- 
tension  voltage. 

If  the  3  turns  set  up  4>  lines,  there  would  be  3  0  inter- 
linkages  on  the  low-tension  side.    Assuming  that  no  lines 
leak  out  of  the  iron  core,  these  4>  lines  would  make  7  4>  inter- 
linkages  on  the  high-tension  side.    A 
change  of  3  0  linkages  on  the  low- 
tension  side  thus  produces  a  change  of 
7  4>  linkages  on  the  high-tension  side. 
Since  the  induced  voltages  are  pro- 
portional to  the  linkages  changed  per 
second,  the  voltage  on  the  high-tension 
side  is  J  of  that  on  the  low-tension  side; 

or,  the  ratio  of  the  induced  voltages  is  ^^°-  202.  Another  con- 
^ii     xu  xu         J.*       r  xu         ventional   representa- 

exactly  the  same  as  the  ratio  of  the      ..       -     .    ^  g 

•'.  ,  tion  of  a  transformer. 

turns  in  the  coils.  The  same  ratio 
exists  between  the  e.m.f .  impressed  on 
the  low-tension  side  and  the  induced 
e.m.f.  in  the  high-tension  side,  since 
the  impedance  and  voltage  drops  in 
the  coils  are  usually  relatively  small,  and  the  impressed  and 
induced  e.m.f.'s  of  the  low-tension  coil  are  practically  equal. 
The  method  of  transmission  by  step-up  and*  step-down 
transformers  is  shown  in  Fig.  203.    Notice  the  peculiar 


Note  that  the  high- 
tension  coils  and  the 
low-tension  coils  have 
no  electrical  connec- 
tion. 
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circumstance  that  the  alternating-current  motors  Mi,  Afs, 
M%  have  no  electrical  connection  with  the  generator  G,  yet 
they  draw  all  their  power  from  it.  Note  also  that  the  trans- 
formers Ti,  Tj,  Tz  are  connected  in  parallel. 
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Fia.  203.  Ck)nventional  diagram  showing  generator  G  connected  to 
line  through  a  step-up  transformer  T,  The  motors  Af i,  Mt  and  Afa 
are  connected  in  parallel  to  the  line  through  step-down  transformers 
Tiy  Tt  and  Tj. 


SUMMARY  OF  CHAPTER  V 

THE  RESISTANCE  of  an  electric  circuit  is  the  ratio  of  the 
direct  voltage  across  it  to  the  direct  current  which  this  voltage 
will  force  through  it. 

THE  IMPEDANCE  of  an  electric  circuit  is  the  ratio  of  the 
alternating  voltage  across  it  to  the  alternating  current  which 
this  voltage  will  force  through  it. 

WHEN  A  CIRCUIT  OFFERS  EXACTLY  THE  SAME 
OPPOSITION  to  the  flow  of  both  alternating  and  direct  cur- 
rents, the  impedance  of  such  a  circuit  is  caused  by,  and  is 
equal  to,  the  resistance  only  of  the  circuit. 

WHEN  A  CIRCUIT  OFFERS  MORE  OPPOSITION  to  the 
flow  of  alternating  currents  than  to  the  flow  of  direct  currents, 
the  Impedance  is  caused,  in  part  at  least,  by  the  REACTANCE 
of  the  circuit 

IMPEDANCE  may  be  entirely  RESISTANCE,  entirely  REACT- 
ANCE, or  a  combination  of  the  two. 

INDUCTIVE  REACTANCE  (symbol  X)  differs  in  one  im- 
portant respect  from  RESISTANCE. 

The  opposition  which  RESISTANCE  offers  to  the  flow  of  a  cur- 
rc^nt  depends  entirely  upon  the  electric  CIRCUIT. 

The  opposition  which  INDUCTIVE  REACTANCE  offers  to  the 
flow  of  a  current  depends  not  only  upon  the  CIRCUIT,  but  also 
upon  the  ntmiber  of  ALTERNATIONS  per  second  of  the  current. 

(a)  THE  NUMBER  OF  DOUBLE  ALTERNATIONS  per  Second  of 

the  current  is  called  the  Frequency  (symbol,  f). 

(b)  THE  AMOUNT  WHICH  THE  CIRCUIT  contributes  to  the  re- 
actance is  measured  by  INDUCTANCE  (symbol,  L). 

THE  INDUCTIVE  REACTANCE  equals  2  ir  times  the  prod- 
uct of  the  inductance  and  the  frequency.    That  is, 

X  =  2  irfL. 

THE  INDUCTANCE  OF  A  CIRCUIT  depends  upon  the 
number  of  magnetic  lines  ((|>)  which  one  ampere  of  current 
sets  up,  and  also  upon  the  number  of  times  (N)  which  the 
circuit  loops  around  these  lines. 
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ONE  INTERLINKAGE,  or  one  linkage,  is  formed  when  one 
line  of  flux  is  looped  once  by  the  circuit  When  ^  lines  are 
looped  N  times,  there  are  <^N  linkages. 

ONE  HENRY  OF  INDUCTANCE  is  possessed  by  a  circuit 
when  one  ampere  of  current  sets  up  100,000,000  linkages. 

THE  NUMBER  OF  HENRYS  INDUCTANCE  in  a  circuit 
thus  equals 

io» 
or 

io»I 

FOR  A  LONG  COIL  THIS  BECOMES 

1.26  N»nA 

^'^        lOH       ' 

where  1  is  in  centimeters  and  A  is  in  square  centimeters. 

FOR  A  MILE  OF  ONE  WIRE  OF  A  TRANSMISSION 
LINE  IN  THE  AIR 


L  »  .000741  logio 


^•5<»l) 


IF  THE  CURRENT  IN  A  CIRCUIT  OF  ONE  HENRY  IN- 
DUCTANCE changes  in  value  by  one  ampere  per  second,  there 
is  a  change  of  100,000,000  linkages  per  second.  Since  100,- 
000,000  linkages  cannot  be  formed  or  broken  in  one  second 
without  cutting  the  circuit  [100,000,000  times  a  second,  one 
▼olt  of  e.m.f  .  must  be  set  up  in  the  circuit  so  cut.  A  circuit  may 
therefore  be  said  to  have  one  henry  of  inductance  when  a 
change  of  current  at  the  rate  of  one  ampere  per  second  induces 
an  e.m.f .  of  one  volt 

INASMUCH  AS  THIS  INDUCED  E.M.F.  is  in  such  a  di- 
rection as  always  to  oppose  the  change  of  the  current,  the 
niDUCTANCE  of  an  electric  circuit  has  been  likened  to  the 
INERTIA  of  matter,  which  causes  bodies  to  OPPOSE  any  change 
in  motion. 

CURRENT-LIMITING  REACTANCE  COILS  make  use  of 
the  opposition  which  inductance  offers  to  a  change  of  current 
They  are  large  coils  of  sufficient  reactance  to  oppose  the  sudden 
growth  (and  decay)  of  large  currents.  They  are  placed  in  the 
circuits  of  generators  to  prevent  the  growth  of  large  currents 
in  case  of  short  circuits. 
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LIGHTNING  ARRESTERS  are  reactance  coils  placed  in 
series  with  electrical  appliances.  They  allow  currents  of  low 
commercial  frequencies  to  pass  through  them  unhindered,  but 
offer  a  large  opposition  to  the  rapid  surges  or  high  frequencies 
of  current,  which  are  sometimes  set  up  in  the  line  by  lightning 
discharges. 

THE  CURRENT  THROUGH  AN  APPLIANCE  CONTAIN- 
ING INDUCTIVE  REACTANCE  ONLY,  lags  90^  behind  the 
e.m.f .  which  causes  it  to  flow ;  thus  no  power  is  consumed  by 
maintaining  a  current  against  a  reactance. 

THE  CURRENT  THROUGH  AN  IMPEDANCE  is  consid- 
ered to  be  composed  of  two  component  currents,  at  90°  to  each 
other;  one  in  phase  with  the  voltage  across  the  impedance, 
the  other  at  90°  to  the  voltage.  The  component  at  90"^  to  the 
voltage  is  called  the  REACTIVE  or  WATTLESS  COMPONENT,  since 
there  is  no  expenditure  of  power  required  to  maintain  it. 

THE  REACTANCE  OF  A  SERIES  COMBINATION  OF 
INDUCTIVE  REACTANCES  is  the  arithmetical  sum  of  the 
separate  reactances. 

THE  REACTANCE  OF  A  PARALLEL  COMBINATION  OF 
INDUCTIVE  REACTANCES  is  found  by  adding  the  currents 
through  the  parallel  paths  and  then  dividing  the  voltage  across 
the  combination  by  this  total  current. 

THE  IMPEDANCE  OF  A  SERIES  COMBINATION  OF 
RESISTANCES  and  INDUCTIVE  REACTANCES  equals  the 
square  root  of  the  sum  of  the  squares  of  the  total  resistance 
and  the  total  reactance. 

Z  =  V(Ri  +  R,  +  R3  +  .  .  .)2  +  (Xi  +  X2  +  Xs  +  .  .  .)\ 

THE  IMPEDANCE  OF  A  PARALLEL  COMBINATION  OF 
RESISTANCES  AND  REACTANCES  is  found  by  adding  VEC- 
TORIALLT  the  currents  through  the  separate  branches  of  the 
combination,  and  dividing  the  voltage  across  the  combination 
by  this  total  current. 

THE  IMPEDANCE  OF  SERIES  OR  PARALLEL  COMBI- 
NATIONS OF  IMPEDANCES  is  found  by  resolving  each 
impedance  into  its  component  resistance  and  reactance,  and 
proceeding  as  for  series  and  parallel  combinations  of  these. 

MUTUAL  INDUCTANCE  is  the  property  possessed  by  any 
two  electric  circuits,  so  constructed  that  a  change  in  the  cur- 
rent through  one  sets  up  an  induced  e.m.f.  across  the  other. 

TRANSFORMERS  make  use  of  the  property  of  mutual 
inductance  between  two  coils  on  the  same  iron  core.    One  coil, 
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called  the  low-tension  coil,  consists  of  few  turns;  the  other 
consists  of  many  turns  and  is  called  the  high-tension  coil. 
An  alternating  current  sent  through  either  coil  will  induce  an 
alternating  e.m.f.  in  the  other.  The  coil  in  which  this  e.m.f.  is 
induced  is  called  the  secondary  coil;  the  other  is  called  the 
primary.  The  induced  voltage  across  the  secondary  is  in  ap- 
proximately the  same  ratio  to  the  impressed  voltage  across  the 
primary,  as  the  turns  in  the  secondary  coil  are  to  the  turns  in 
the  priinary  coiL  When  the  voltage  across  the  primary  is  the 
higher,  the  transformer  is  called  a  ''step-down"  transformer; 
when  the  voltage  across  the  secondary  is  the  higher,  a  ''  step- 
up  "  transformer. 

TRANSFORMERS  enable  alternating-current  power  to  be  gen- 
erated at  low  voltage,  stepped  up  to  high  voltage  for  long 
transmission,  and  then  stepped  down  for  use  at  low  voltage. 
Because  of  the  remarkably  high  efficiency  of  transformers,  the 
transmission  of  large  amounts  of  power  over  great  distances  is 
accomplished  with  little  loss. 


PROBLEMS  ON  CHAPTER  V 

Prob.  6&-6.  The  Great  Western  Power  Co.  transmits  power 
154  miles  over  a  3-phase  system.  The  line  wires  are  No.  000 
stranded,  approximately  ^  inch  in  diameter,  spaced  10  ft.  apart  in 
a  vertical  plane  on  towers.  What  is  the  total  inductance  of  each 
conductor? 

Prob.  56-6.  The  frequency  in  Prob.  55  is  60  cycles.  What  is 
the  reactance  of  each  hne  wire? 

Prob.  67-6.  The  dimensions  of  the  choke  coil  shown  in  Fig.  175a 
are  as  follows:  length,  12  inches;  number  of  tm-ns,  15;  diam- 
eter, 15  inches.  Wire  is  aluminum,  0.4  inch  in  diameter.  Find  the 
inductance  of  the  coil. 

Prob.  68-6.  (a)  What  reactance  will  the  coil  of  Fig.  175a  have 
on  a  60-cycle  circuit?     (6)  What  impedance? 

Prob.  69-6.  What  reactance  will  the  coil  of  Fig.  175a  offer  to  an 
oscillating  current  of  1,000,000  cycles  per  second  set  up  by  a  light- 
ning discharge? 

The  data  for  Prob.  6o  to  75  inclusive  are' from  Ryan's  "Design  of 
Electrical  Machinery  "  and  apply  to  the  same  transformer. 

Prob.  60-6.  A  certain  type  H  transformer  has  1200  turns  in 
the  high-tension  windings.  How  many  turns  must  the  low-tension 
windings  have  in  order  to  transform  2200  volts  to  220  volts? 

Prob.  61-6.  How  many  interlinkages  must  be  made  per  second 
(average  rate)  in  order  to  set  up  the  220  volts  (sine  wave-form)  in 
the  low-tension  side  of  the  transformer  of  Prob.  60? 

Prob.  62-6.  The  transformer  of  Prob.  61  is  to  run  on  60  cycles. 
What  maximum  flux  must  be  set  up  to  produce  the  proper  number 
of  linkages  per  second? 

Prob.  63-6.  Allowing  50,000  lines  per  sq.  in.  as  the  flux  density 
in  the  iron  core,  what  should  be  the  average  cross  section  of  the 
iron  path? 

Prob.  64;-6.  Assuming  a  fair  volume  for  the  iron  in  this  trans- 
former as  485  cu.  in.,  what  is  the  average  length  of  the  path  of 
the  magnetic  flux? 
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Prob.  6&-6.  What  maximum  current  must  be  required  in  the 
high-tension  coils  to  send  the  maximum  flux  through  the  magnetic 
circuit  of  this  transformer,  with  the  low-tension  side  on  open  cir- 
cuit? A  fair  value  for  permeability  of  the  iron  core  at  this  mag- 
netic density  would  be  2650. 

Prob.  6^6.  The  effective  value  of  the  current  in  the  primary 
coil  required  to  produce  the  flux  through  the  core,  when  the  second- 
ary side  is  open,  is  called  the  magnetizing  current.  What  is  the 
magnetizing  current  for  this  transformer,  assuming  that  the  cur- 
rent has  a  sine  wave-form? 

Prob.  67-6.  This  transformer  is  found  to  consume  131  watts 
when  the  primary  high-tension  side  is  connected  to  the  miuns  with 
the  secondary  side  open.  Practically  the  whole  of  this  p)ower  is 
consumed  in  hysteresis  loss  and  in  setting  up  eddy  currents  in  the 
core.  How  much  current  must  be  used  for  this  purpose  in  this 
transformer  when  it  is  operating  at  its  proper  voltage? 

Prob.  68-6.  The  current  used  to  supply  core-loss  power  and 
the  magnetizing  current  are  in  quadratiu'e.  What  is  the  total 
current  taken  by  the  high-tension  primary  side  of  this  transformer 
when  idle  on  a  2200-volt  line? 

Prob.  69-6.  What  is  the  self-inductance  of  the  primary  high- 
tension  coils  on  this  transformer? 

Prob.  70-6.  On  a  60-cycle  circuit,  what  is  the  reactance  of  the 
high-tension  primary  side  of  this  transformer? 

Prob.  71-6.  What  should  be  the  magnetizing  current  for  this 
transformer  on  a  2200-volt  line,  using  the  reactance  found  in 
Prob.  60?    Compare  with  answer  to  Prob.  66. 

Prob.  72-6.  The  resistance  of  the  high-tension  coils  is  5.45 
ohms.  What  is  the  impedance  of  the  high-tension  coils  on  a  60- 
cycle  circuit? 

Prob.  73-6.  Using  impedance  found  in  Prob.  72,  compute  cur- 
rent which  the  high-tension  coils  would  take  when  connected  to  a 
60-cycle  2200-volt  line.  Explain  why  the  value  differs  from  that 
found  in  Prob.  68. 

Prob.  74-6.  From  the  resistance  and  the  current  as  found  in 
Prob.  68  compute  power  used  in  overcoming  the  resistance  of  the 
primary  coils  when  connected  to  a  2200-volt  60-cycle  line. 

Prob.  76-6.  Recompute  the  core  loss  in  Prob.  67,  correcting 
the  131  watts  taken  on  open  circuit  to  find  the  true  watts  taken 
for  core  loss. 


INDUCTIVE  REACTANCE  277 

Prob.  76-5.  Recompute  Prob.  68,  using  the  correct  core-loss 
current  as  found  from  Prob.  75.  What  per  cent  error  is  made  in 
the  value  of  the  no-load  primary  current  by  considering  that  the 
131  watts  are  all  core  loss? 

Prob.  77-5.  (Data  taken  from  Electric  Journal,  April,  1914.) 
Tests  on  a  current-limiting  reactance  similar  to  that  shown  in  Fig. 
170,  which  was  designed  to  carry  200  amperes  continuously,  showed 
that  it  had  a  self-inductance  of  about  0.0032  henry.  One  of  these 
reactances  is  placed  in  series  with  each  line  wire  connected  to  the 
terminals  of  a  three-phase  15,000-kv-a.  6600-volt  60-cycle  360- 
r.p.m.  water-wheel  type  generator.  Calculate  the  value  of  this  react- 
ance in  ohms,  the  drop  across  each  reactance,  when  rated  output  of 
the  generator  is  being  delivered  in  volts  and  in  per  cent  of  the  termi- 
nal voltage  of  each  phase,  assuming  the  phases  to  be  Y-connected 
and  the  resistance  negligible  in  comparison  with  the  reactance. 
How  many  kilovolt-amperes  are  being  carried  by  each  reactance? 

Prob.  78-5.  If  the  three  line  wires  of  Prob.  77  were  to  be 
short-circuited  together  while  the  terminal  voltage  and  speed  were 
maintained  constant,  what  voltage  drop  would  there  be  across  each 
reactance,  and  what  kilovolt-amperes  carried  by  it?  What  would 
be  the  short-circuit  current  per  line  wire  or  per  phase,  in  per  cent 
of  the  normal  current? 

Prob.  79-5.  The  reactance  of  each  phase  of  the  winding  of  the 
generator  in  Prob.  78-5  is  0.69  ohm  when  operating  at  rated  fre- 
quency. The  total  reactance  of  each  phase  including  the  external 
current-limiting  coil  is  1.90  ohms.  Calculate  the  final  value  of 
current  flowing  in  each  phase  of  the  generator  winding  when  all 
phases  are  short-circuited: 

(a)  Between  the  windings  and  the  reactance. 

(6)  Between  the  reactances  and  the  line  wires.  The  generator 
continues  to  operate  with  full  normal  field  flux  and  speed.  Express 
each  of  these  currents  in  percentage  of  rated  full-load  current. 

Prob.  8(^5.  Calculate  the  maximiun  instantaneous  value  of 
voltage  across  the  terminal  of  the  current-limiting  reactance  in 
Prob.  77-5,  and  the  value  of  current  and  of  power  in  the  reactance 
coil  at  this  instant. 

Prob.  81-5.  In  Prob-  78-5,  what  will  be  the  values  of  current 
and  of  e.m.f .  at  the  instant  when  the  power  in  the  reactance  is  zero? 

Prob.  82-5.  What  will  be  the  values  of  e.m.f.  and  power  in  one 
of  the  reactances  of  Prob.  77-5  at  the  instant  when  the  current 
through  it  is  zero? 
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Prob.  83-6.  A  certain  induction  coil  takes  10  amperes  when 
connected  across  a  230-volt  60-cycle  line.  When  the  frequency  is 
reduced  50  per  cent  the  current  is  increased  50  per  cent.  What  are 
the  values  of  resistance  and  inductance  of  this  coil? 

Prob.  84-6.  A  15,000-kv-a.  6600-volt  60-cycle  3-phafle  Y-con- 
nected  alternator  has  a  reactance  which  is  stated  to  be  15  per  cent; 
that  is,  when  operating  at  rated  frequency  and  load,  the  e.m.f. 
required  to  overcome  the  reactance  of  each  phase  of  the  winding 
is  15  per  cent  of  the  terminal  e.m.f.  of  that  phase.  Calculate  the 
reactance  drop  in  volts,  and  the  reactance  in  ohms. 

Prob.  86-6.  If  the  total  power  loss  due  to  resistance  in  the 
three  phases  of  the  armature  winding  of  Prob.  84  at  rated  full  load 
is  2  per  cent  of  the  power  output  at  unity  power-factor,  calculate 
the  resistance  of  each  phase,  in  olmis.  From  this  and  the  result 
of  Prob.  84-5,  calculate  the  impedance  of  each  phsuse. 

Prob.  86-6.  A  coil  having  inductance  and  resistance  takes  110 
watts  and  2  amperes  when  connected  across  110-volt  60-cycle 
mains.  What  is  the  resistance,  reactance,  and  inductance  of  this 
coil?  What  is  the  power-factor  and  angle  of  phase  difference  be- 
tween pressure  and  current? 

Prob.  87-6.  If  the  wire  in  the  coil  of  Prob.  86-5  were  unwound 
and  rewound  non-inductively,  what  current  and  watts  would  be 
taken  from  the  same  mains?  What  would  be  the  phase  difference 
between  pressure  and  current? 

Prob.  88-6.  When  all  three  wires  of  a  three-phase  transmission 
line  are  short-circuited  together  at  the  far  end,  the  instnmients  on 
this  line  at  the  station  switchboard  indicate  as  follows:  Volts 
between  wires,  11,000;  amperes  in  each  wire,  100;  total  watts  sup- 
plied to  Une,  1350  kilowatts.  Calculate  the  resistance  and  react- 
ance of  each  line  wire,  in  ohms. 

Prob.  89-6.  Calculate  what  the  current  and  wattage  in  the  coil 
of  Prob.  46-5  would  be,  if  the  frequency  were  increased  to  60  cycles 
at  the  same  voltage. 

Prob.  90-6.  How  much  of  the  power  (kv-a.)  in  Prob.  46-5  is 
"give-and-take,"  or  reactive?  How  many  total  kilovolt-amperes 
are  taken  by  the  coil  from  the  mains?  At  each  of  the  four  instants 
when  the  power  taken  from  the  mains  is  zero,  how  much  power 
previously  stored  in  the  magnetic  field  around  the  coil  is  being 
returned  and  dissipated  as  heat?  What  are  the  values  of  current 
and  line  voltage  at  each  instant? 


INDUCTIVE  REACTANCE  279 

Prob.  91-6.  What  is  the  maximum  value  of  negative  power,  or 
power  returned  by  the  coil  of  Prob.  90,  to  the  mains,  and  what  are 
the  values  of  current  and  e.m.f .  at  this  instant?  How  much  power 
is  being  given  up  by  the  coil  at  this  instant,  and  how  much  of  it  is 
being  transformed  into  heat  by  the  resistance  of  the  coil? 

Prob.  92-6.  One  unit  alone  takes  10  kw.  at  60  per  cent  power- 
factor  when  connected  across  a  certain  line.  Another  unit  alone 
takes  10  kw.  at  unity  power-factor  when  connected  across  the  same 
line.  How  many  kilowatts  will  these  two  units  together  take  when 
connected  in  series  across  the  same  line,  and  what  will  be  the 
power-factor  of  the  entire  circuit?  What  fraction  of  the  total 
voltage  will  each  unit  take? 

Prob.  98-6.  Two  impedances  are  in  series  across  220-volt  60- 
cycle  mains.  There  is  the  same  voltage  across  each,  but  the  resist- 
ance of  one  of  them  is  15  ohms  while  that  of  the  other  is  7  ohms. 
The  total  power  consumed  by  the  entire  circuit  is  550  watts.  Cal- 
culate the  inductance  of  each  of  these  impedances,  the  power-factor 
of  each,  and  the  power  consumed  in  each. 

Prob.  94r-6.  Verify  the  statement  that  when  several  units,  all 
having  the  same  resistance  and  the  same  reactance,  are  connected 
in  series,  the  total  voltage  across  the  entire  circuit  is  equal  to  the 
arithmetical  sum  of  the  voltages  across  the  units,  or  that  they 
divide  the  total  voltage  equally  among  them. 

Prob.  96-6.  Verify  the  statement  that  when  several  circuits 
each  having  resistance  and  inductance,  and  all  of  the  same  power- 
factor,  are  connected  together  either  in  series  or  in  parallel,  the 
power-factor  of  the  entire  circuit  is  the  same  as  that  of  each  of  its 
parts. 

Prob.  9^6.  One  coil  alone  takes  10  amperes  at  60  per  cent 
power-factor  from  110-volt  60-cycle  mains.  Another  coil,  alone, 
takes  10  amperes  at  80  per  cent  power-factor  from  the  same  mains. 
What  is  the  impedance,  resistance,  reactance,  and  inductance  of 
each  coil,  and  what  will  be  the  current,  power,  and  power-factor 
if  they  are  connected  in  series  across  the  same  mains? 

Prob.  97-6.  In  Prob.  96-5,  what  would  be  the  voltage  across 
each  eoil  when  they  are  in  series? 

Prob.  98-6.  What  would  be  the  answers  to  Prob.  96-5  and 
97-5  if  the  frequency  were  doubled? 

« 

Prob.  99-6.  What  would  be  the  answers  to  Prob.  96-5  and 
97-5  if  the  frequency  were  reduced  to  zero,  or  if  direct  current  were 
used? 
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Prob.  100-6.  Verify  the  statement  that  when  several  units,  all 
having  the  same  resistance  and  the  same  reactance,  are  connected 
in  parallel,  the  total  current  in  the  main  circuit  is  equal  to  the 
arithmetical  sum  of  the  currents  through  the  units,  or  that  the 
units  divide  the  total  current  equally  among  them. 

Prob.  101-6.  If  the  two  units  specified  in  Prob.  96-5  are  con- 
nected in  parallel  to  the  same  mains,  what  will  be  the  total  amperes, 
watts,  and  power-factor  of  the  combination? 

Prob.  102-6.  What  would  be  the  resistance  and  reactance  of  a 
single  coil  equivalent  to  the  parallel  combination  of  Prob.  101-5? 

Prob.  103-6.  Calculate  the  value  and  direction  of  current  in 
each  coil  of  Prob.  101-5,  at  the  instant  when  the  current  in  the 
mains  is  zero.  Calculate  the  e.m.f.  applied  at  this  instant,  and 
the  value  and  direction  of  power  in  each  coil  and  in  the  line. 

Prob.  104-6.  Four  units  all  having  the  same  resistance  and 
inductance  take  altogether  4  kw.  at  80  per  cent  power-factor  when 
connected  in  parallel  across  220-volt  60-cycle  mains.  What  would 
be  the  current,  power,  and  power-factor  if  they  were  connected 
in  series  across  the  same  mains? 


CHAPTER  VI 

ALTERNATING-CURRENT  GENERATORS:  SINGLE 
PHASE 

An  electromotive  force  is  generated  in  a  conductor  when- 
ever magnetic  lines  of  force  are  cut  by  the  conductor.  It  is 
immaterial  whether  the  conductor  moves  and  cuts  the  lines 


Fig.  204.    The  atationary  armature  of  a  200-kv-a.  alternator.     Weat- 
iimlwuae  Ekclrie  Co. 

or  whether  the  lines  move  so  as  to  be  cut  by  the  conductor. 
In  direct-current  generators,  it  is  always  the  conductors 
which  move.     In  other  words,  direct-current  generators  have 
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rotating  annatures.  In  alternating-current  generators,  ea* 
pecially  of  the  larger  capacities,  it  is  usually  the  field  which 
rotates,  although  rotating  armatures  may  be  used.  Whether 
it  is  the  field  or  the  armature,  that  part  of  the  machine  which 


Flo.  205.    The  rotating  field  for  the  armature  of  Fig.  204.    Direct 
curreDt  ie  supplied  to  the  rings  for  the  field  coils. 

rotates  is  always  called  the  rotor,  and  the  stationary  part,  the 
stator. 

62.  Rotating  Field  Type.  The  e.m.f,  is  always  generated 
in  the  conductors,  or  inductors,  as  they  are  called  in  this  case, 
which  are  wound  on  the  armature,  whether  it  be  the  rotor  or 
the  stator.  The  greatest  advantage  which  the  stationary 
armature  has  over  the  rotating  armature  is  that  the  power 
is  generated  in  conductors  which  do  not  move  and  therefore 
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it  can  be  delivered  to  the  external  circuit  without  the  aid  of 
any  sliding  contacts.  Also,  the  insulation  necessary  for  high 
voltages  is  easier  to  construct  and  maint^n.  Fig.  204  is  a 
picture  of  this  type  of  armature  as  constructed  by  the  West- 
inghouse  Mfg.  Co.  for  a  200-kv-a.  generator.  All  the  power 
output  is  taken  from  the  three  stationary  leads,  A,  B  and  C. 


Fra.  205a.  A  amall  alternator.  The  direct  current  [or  exciting  the 
fieid«  is  taken  from  the  small  d-c.  generator  G,  which  is  coupled  to 
the  shaft. 

The  rotating  field  for  this  machine  is  shown  in  Fig.  205.  It 
consists  merely  of  a  ring  of  pole  pieces,  alternate  north  and 
Bouth  of  course,  each  being  wound  with  its  own  field  coil.  The 
magnetic  flux  from  these  poles  sweeps  across  the  windings  of 
the  stationary  armature  and  induces  the  e.m.f,  in  them.  The 
current  supplied  to  the  field  coils  must  be  direct  current, 
since  the  polarity  of  each  pole  never  changes  during  the  opera- 
tion of  the  machine.  This  exciting  current,  as  it  is  called,  is 
Supplied  usually  from  some  outside  source  and  delivered  by 
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brushes,  which  make  contact  with  the  collector  rings  fl  in 
the  diagram.  In  Fig.  205a  the  exciting  current  is  being  sup- 
plied to  the  field  of  an  alternating-current  generator  by  the 


Fig.  206.  Revolving  field  of  a,  300-kv-a.  Wagner  alternator.  Notice 
the  shape  of  the  faces  of  the  laminated  poles,  the  form  of  the  field 
coils  and  the  method  of  fastening  the  pole  cores  to  the  rotor  frame. 

small  direct-current  generator  coupled  to  it,  called  an  exciter. 
Fig.  206  shows  more  clearly  the  construction  of  a  revolv- 
ing field.     Note  that  the  poles,  and  consequently  the  mag- 
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netic  fields  from  them,  are  distinct  and  sharply  defined.  Such 
fields  are  thus  said  to  be  of  the  definite  pole  type,  to  distin- 
guish them  from  a  type  of  revolving  field  used  in  high-speed 
generators  the  poles  of  which  are  not  so  clearly  defined. 
Fig.  207  shows,  in  course  of  construction,  the  rotating  field 


Flo.  207.  The  revolving  field  of  a  Turbo-generator,  with  the  coils 
JD  procees  of  assembly.  Thia  shows  the  cylindrical  construction 
of  the  fielil  core  employed  for  the  high-speed  rotors.  The  field  coib 
are  laid  in  slots  in  the  field  core,  which  is  built  of  punched  lamina- 
tions similar  to  a  rotating  armature  with  the  windings  partly  distrib- 
uted.    General  Electric  Co. 

of  a  high-speed  turbo-generator,  built  by  the  General  Electric 
Co.,  in  which  the  poles  are  more  or  less  indistinct,  but  may 
be  discerned  by  tracing  out  the  windings.  A  little  inspection 
of  the  figure  shows  that  there  are  four  poles  formed  by  the 
field  coils,  which  are  distributed  over  the  surface  much  in  the 
manner  of  armature  windings. 


286  ALTERNATING-CURRENT  ELECTRICITY 

63.  Revolving  Armature  Type.  A  25-kv-a.  alternator 
of  the  revolving  armature  type  made  by  the  General  Electric 
Co.  is  shown  in  Fig.  208.    Notice  the  small  commutator  C 


Fio.  208.  An  alternator  with  a  revolvinB  armature.  Threo-phaae, 
4-pole,  1800  r.p.tn,,  60  cycles,  25-kw.,  self-exeited.  A  small  separate 
winding  is  connotteil  to  a  etunmulator  and  furnishes  direct  current 
to  the  field  coils.     General  Ekelrie  Co. 

to  the  right  of  the  collecting  rings.  This  is  connected  to  a 
small  winding  on  the  armature  which  is  separate  from  the 
main  alternating-current  winding,  and  which  furnishes  direct 
cuFrent  at  from  40  to  SO  volts  pressure,  to  supply  the  field 
coils.     A  self-excited  generator  such  as  this,  with  exciting 


ALTERNATING-CURRENT  GENERATORS  287 

e.mi.  and  main  alternating  e.m.f.  both  generated  by  the 
same  field,  has  to  be  of  rather  special  design,  because  any 
change  of  field  flux,  due  to  the  magnetic  reaction  of  armature 
currents,  changes  the  excitation  voltage  and  thereby  produces 
a  still  further  change  of  alternating  voltage.  Hence,  to  get 
a  good  regulation  for  the  alternating  e.m.f.  requires  a 
"stiff"  field,  or  one  little  affected  by  changes  of  the  arma- 
ture current. 

Whatever  the  type  or  form,  in  which  the  field  is  con- 
structed, the  flux  under  all  conditions  remains  fairly  fixed  in 
direction  around  each  polar  region.  The  number  of  the  poles 
is  two  or  some  multiple  of  two.  All  poles  of  the  same  ma- 
chine are  constructed  alike,  and  produce  fields  which  are 
identical  in  distribution  and  value,  but  alternately  north 
and  south  around  the  frame. 

In  whatever  form  or  type  the  armature  is  constructed,  the 
inductors  are  always  connected  together  symmetrically  with 
respect  to  the  field  poles.  Thjey  are  always  connected  so  as 
to  add  together  their  useful  effects  and  produce  the  largest 
possible  electrical  output  at  the  terminals  of  the  machine, 
using  the  smallest  possible  amount  of  material. 

64.  Value  of  Electromotive  Force  in  Armature  Inductors. 
We  have  learned  that  one  volt  is  induced  in  an  inductor  when 
it  cuts  100,000,000  lines  of  force  in  one  second.  However, 
it  is  not  necessary  for  the  inductor  to  move  for  a  whole  second 
and  cut  10^  lines  in  order  to  generate  one  volt.  It  may  move 
for  one-half  second  and  cut  50,000,000  lines.  This  would 
generate  an  e.m.f.  whose  average  value  during  that  one-half 
second  of  time  was  one  volt,  because  it  would  be  cutting 
lines  at  the  rate  of  100,000,000  per  second.  Similarly,  it  may 
move  but  xxjVij  of  ^  second  and  cut  100,000  lines.  During 
this  time,  it  would  also  generate  an  e.m.f.  whose  average 
value  was  one  volt,  for  here  again  it  would  be  cutting  at 
the  rate  of  lo^  lines  per  second. 

We  may  consider  a  period  of  time  so  short  that  the  average 
value  during  that  time  is  practically  an  instantaneous  value. 
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Thus  the  induced  e.in.f .  in  an  inductor  at  any  instant  equab 

:r^  of  the  number  of  lines  which  would  be  cut  in  one  second, 
Kr* 

if  the  inductor  continued  to  cut  at  the  same  rate  for  a  full 
second.  Of  course  a  conductor  actually  never  cuts  at  unl- 
ioxm  rate  for  anywhere  near  a  whole  second.  In  spite  of  the 
fact  that  all  rotors  are  turned  at  practically  constant  speed, 
the  armature  conductors  are  constantly  changing  their 
direction  of  motion  relative  to  the  flux,  and  are  cutting 
through  a  field  in  which  the  lines  are  not  uniformly  distrib- 
uted. The  e.m.f.  in  each  conductor,  then,  is  not  steady 
from  instant  to  instant,  but  may  be  different  for  two  succes- 
sive instants,  no  matter  how  short  a  time  elapses  between 
these  instants,  at  which  you  choose  to  examine  or  calculate 
it.  For  this  reason,  it  is  often  necessary  to  compute  the 
e.m.f.  at  given  instants.  When  so  calculated,  it  is  imder- 
stood  that  at  instants  just  before  and  just  after  the  one 
chosen,  the  e.m.f .  may  have  ^  diflferent  value.  The  symbol 
for  instantaneous  e.m.f.  is  here  always  taken  to  be  (e),  to  dis- 
tinguish it  from  average,  effective  and  maximum  values. 

If  we  know  the  relative  speed  at  any  instant  of  the  field, 
and  the  cutting  inductor,  the  intensity  of  the  field  which  is 
being  cut,  and  the  cutting  length  of  the  inductor,  we  can 
compute  the  e.m.f.  which  is  being  generated  at  just  that 
instant.    We  merely  have  to  write  an  equation,  as  follows, 

which  really  gives  r^  of  the  number  of  lines  which  would  be 

cut  if  the  cutting  continued  at  the  same  rate  for  one  second. 

_  BIV    , 

where 

e  =  instantaneous  e.m.f .  in  volts. 

S=  lines  per  square  inch  (or  per  square  centimeter)  in 
the  field  at  the  point  where  the  inductor  is  at  the 
given  instant :  the  area  to  be  measured  in  the  plane 
in  which  the  inductor  moves. 


ALTERNATING-CURRENT  GENERATORS  289 

I  =  cutting  length  of  inductor  in  inches  (or  centimeters) ; 
only  so  much  of  the  inductor  is  to  be  measured  as 
is  actually  cutting. 
V  =  velocity  of  inductor  relative  to  field,  in  inches  per 

second  (or  centimeters  per  second). 
Care  must  be  used  to  measure  units  of  length  either  all  in 
inches  or  all  in  centimeters.    Thus,  if  Jf  is  measiu'ed  in  lines 
per  square  inch,  I  must  be  in  inches,  and  V  in  inches  per 
second. 

Example  1.  The  following  data  would  apply  to  the  generator  of 
Fig.  204. 

Diameter  of  frame  at  depth  of  armature  winding  =  8  ft. 

Cutting  length  of  conductor  =  6  in. 

Speed  =  200  r.p.m. 

What  would  be  the  instantaneous  e.m.f .  induced  in  a  conductor  as 
that  part  of  a  pole  face  was  passing  it  where  flux  density  became 
6300  lines  per  square  centimeter? 

BiV 

"""   10»" 

B  =  6300  X  6.45  =  40,600  lines  per  square  inch. 
1  =  6  inches. 

^      8  X  12  X  3.14  X  200      ,  .^  .     ,  , 

V  = ^^ =  1000  mches  per  second. 

60 

^  40,600  X  6  X  1000 

^  108 

=  2.45  volts. 

Prob.  1-6.  At  an  instant  later  than  that  of  Example  1,  the 
portion  of  the  pole  face  nearer  the  trailing  tip  was  passing  the  same 
inductor  and  the  flux  at  this  point  was  6500  lines  per  square  centi- 
meter.   What  e.m.f .  was  induced  in  the  inductor  at  this  instant? 

Prob.  2-6.  Assume  that  the  greatest  flux  density  of  the  lines 
coming  from  the  poles  of  the  generator  in  Example  1  was  7000  lines 
per  square  centimeter.  At  what  speed  would  the  rotor  have  to 
turn  in  order  to  induce  a  maximum  voltage  of  1.28  volts  in  a  single 
inductor? 

Prob.  3-6.  If  the  greatest  allowable  peripheral  speed  of  the  rotor 
of  Problem  2  is  a  mile  per  minute,  what  is  the  greatest  instanta- 
neous e.mi.  which  can  safely  be  set  up  in  a  single  inductor? 
Assume  that  the  outside  diameter  of  rotor  is  95  inches. 
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66.  All  Dynamos  Generate  Alternating  Electromotive 
Forces.*  A  direct-current  generator  is  one  which  delivers 
a  unidirectional  e.m.f.  and  current;  that  is,  one  terminal  is 
constantly  of  positive  polarity,  the  other  of  negative  polarity. 
An  alternating-current  generator  (commonly  called  an 
''alternator")  is  one  which  delivers  a  current  that  periodi- 
cally reverses  its  direction  through  the  circuit;  that  is,  each 
terminal  is  alternately  positive  and  negative  in  polarity.  If 
the  alternations  were  slow  enough,  an  ordinary  (permanent 
magnet  type)  direct-current  voltmeter  attached  to  the  termi- 
nals of  the  alternator  would  show  the  nature  of  the  e.m.f.  by 
deflecting  first  to  right  and  then  to  left  of  the  zero  mark. 
Notwithstanding  the  very  great  difference  in  the  nature  of 
the  e.m.f .  and  current  delivered  from  the  terminals,  and  the 
tremendous  dififerences  thereby  produced  in  the  actions 
which  go  on  in  the  external  circuit,  there  is  really  a  strong 
internal  resemblance  between  these  two  types  of  dynamos. 
This  resemblance,  if  pointed  out,  should  make  it  easier  for 
one  who  has  studied  the  direct-ciurent  generator  to  under- 
stand also  the  alternating-current  generator. 

A  typical  direct-current  generator  is  shown,  diagrammati- 
cally,  in  Fig.  209.  Only  a  part  of  the  winding  is  given,  to 
avoid  confusion  of  Unes  in  the  diagram,  and  the  simplest 
style  of  winding  in  ordinary  use  has  been  chosen.  The  fact 
that  each  of  the  collecting  brushes  carries  current  steadily 
in  one  direction,  as  indicated  by  the  polarity  definitely 
marked  upon  it  (positive  or  negative),  is  due  solely  to  the 
action  of  the  commutator.  As  the  rotation  of  the  armature 
sweeps  each  conductor  on  its  surface  through  the  magnetic 
flux  in  the  air  gap  between  the  faces  of  the  poles  and  the  iron 
core  of  the  armature,  the  e.m.f.  induced  in  it  alternates  as  it 
passes  north  and  south  poles  alternately.  Thus  the  current 
produced  in  each  armature  conductor  by  this  e.m.f .  is  really 

*  The  only  exception  to  this  statement  is  the  "  homopolar  generator '' 
(sometimes  called  the  unipolar  generator),  which  is  rarely  built  on 
account  of  great  difficulties  in  construction. 
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an  alternating  current.  The  "right-hand  rule,"  concerning 
the  relative  direction  of  flux,  motion  and  induced  e.m.f., 
states  that  if  we  extend  the  thumb,  forefii^er  and  middle 
finger  of  the  right  hand  at  right  angles  to  one  another,  point- 
ing the  thumb  in  the  direction  of  motion  of  the  inductor,  and 
the  foreflnger  in  the  direction  of  the  flux,  the  middle  finger 
will  point  in  the  direction  of  the  induced  e.m.f.     We  find,  as 


Fig.  209.  A  simple  djrectHJUrrent  generator.  Note  that  the  e.ra.t. 
induced  in  conductor  a  is  in  (away  from  the  reader)  as  it  passes  an 
A^-pole  while  rotating  in  a,  clockwise  direction. 

we  apply  this  rule  to  some  one  inductor,  such  as  a,  through  a 
complete  revolution,  that  it  generates  an  e.m.f.  into  the  paper 
or  away  from  the  reader  while  passing  in  clockwise  direction 
under  pole  Ni,  out  or  toward  the  reader  while  passing  clock- 
wise under  Si,  in  under  Nt,  and  out  under  .Sj,  If  the  speed  is 
steady,  and  the  magnetic  flux  is  distributed  similarly  under 
all  the  poles,  which  we  may  safely  assume  because  of  then- 
uniformity  and  symmetry  of  construction,  we  see  that  the 
e.m.f.  goes  through  exactly  the  same  set  of  values,  and  in  the 
same  order,  in  moving  from  Ni  past  Si  to  Ni,  that  it  goes 
through  in  moving  from  Nt  past  St  to  Ni.    This  complete 
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set  of  values  which  is  repeated  again  and  again,  we  have  seen, 
is  called  a  '^  cycle/'  and  the  time  (in  seconds)  required  to  com- 
plete one  cycle  is  called  the  period  of  the  alternating  e.m.f . 
or  current.  Evidently  the  period  of  the  e.m.f .  induced  in 
any  single  inductor  is  the  time  required  for  it  to  pass  a  pair 
of  poles,  and  the  number  of  cycles  per  second  (called  the  fre- 
qoenqr  of  the  e.m.f.)  is  equal  to  the  niunber  of  pairs  of  poles 
passed  per  second.  The  frequency,  then,  is  equal  to  the  number 
of  reFolttfions  per  second  times  the  number  of  pairs  of  poles. 

Prob.  4-6.  The  speeds  and  numbers  of  poles  employed  by  the 
Crocker-Wheeler  Company  for  a  line  of  direct-current  lighting  and 
power  generators  of  from  200  to  1000  kw.  capacity  are  as  follows: 

From  175  to  225  r.p.m.,  8  poles. 

From  100  to  200  r.p.m.,  10  poles. 

From  100  to  135  r.p.m.,  12  poles. 

From   80  to  100  r.p.m.,  16  poles. 

From    80  to  100  r.p.m.,  22  poles,  or  more  for  the  largest  sizes. 

Calculate  the  range  of  frequencies  of  alternating  e.m.f.  generated 
in  the  armature  coils  of  this  line  of  direct-current  generators.  Does 
there  seem  to  be  any  uniformity  of  practice  in  r^ard  to  the  fre- 
quency? 

Prob.  6H$.  Sometimes  in  large  systems  the  power  is  generated 
and  transmitted  at  low  frequency,  but  must  be  transformed  to  a 
higher  frequency  before  it  may  be  applied  to  certain  uses.  To  do 
this,  two  alternators  having  different  numbers  of  poles  are  coupled 
together,  one  of  them  running  as  a  motor  in  step  with  the  alterna- 
tions of  the  e.m.f.  in  the  line,  the  other  delivering  alternating,  cur- 
rent at  the  higher  frequency  as  a  generator.  Such  a  combination 
is  called  a  frequency-changer.  What  combinations  of  nmnbers  of 
poles  may  be  used  on  these  two  machines,  in  order  to  take  current 
from  the  line  at  25  cycles  frequency  and  deliver  ciurent  at  60  cycles? 

Prob.  ^-6.  If  we  increase  the  flux  per  pole  by  20  per  cent  with- 
out altering  the  frequency,  in  an  alternator  which  before  the  change 
was  developing  220  volts  between  terminals,  what  voltage  do  we  get? 

Prob.  7-e.  At  what  speed  must  the  field  revolve  in  the  Westing- 
house  alternating-current  generator  of  Fig.  204  and  205  in  order  to 
deliver 

(a)  A  60-cycle  e.m.f.? 

(6)  A  25-cycle  e.m.f.? 
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66.  The  Commutator  is  a  Reversing  Switch.  The  fore- 
going paragraphs  are  true  for  either  a  direct-current  or  an 
alternating-current  generator.  These  two  types  differ  mainly 
in  the  manner  of  getting  the  e.m.f.  and  current  from  the 
inductors  to  the  external  circuit.  Usually  the  method  of 
connecting  the  inductors  together  into  the  circuits,  or  the 
"winding"  of  the  armature,  is  different  for  the  alternating- 
current  and  direct-current  generators;  but  this  difference  is 
not  an  essential  one,  and  very  often  does  not  exist  at  all.* 
But  they  must  differ  essentially  in  the  manner  of  getting  the 
e.m.f .  and  the  current  from  the  armature  winding  to  the  ex- 
ternal circuit.  The  direct-current  dynamo  requires  a  commu- 
tator, connected  in  series  between  the  armature  winding  and 
the  external  circuit,  to  commutate  or  rectify  the  induced  e.m.f . 
and  current,  or,  to  reverse  the  alternate  pulses  so  as  to  de- 
liver them  constantly  in  the  same  direction  to  the  external 
circuit.  The  commutator  acts  like  a  multipolar  reversing 
switch,  arranged  on  the  shaft  between  the  armature  winding 
and  the  terminals  of  the  direct-current  armature.  It  is  con- 
nected ui  such  a  way  that  each  inductor,  or  each  group  of 
inductors,  has  its  connections  to  the  armature  terminals 
reversed  just  at  the  instant  when  its  induced  e.m.f.  reverses  — 
that  is,  at  the  moment  it  passes  out  from  the  field  or  influence 
of  one  of  the  poles  into  the  field  of  the  next  adjacent  pole. 
If  an  inductor,  or  group  of  inductors,  delivering  alternating 
e.m.f .  were  connected  to  the  left  side  of  the  reversing  switch 
in  Fig.  210,  and  this  switch  were  thrown  first  to  the  right  and 
then  to  the  left  in  synchronism  (i.e.,  in  equal  time)  with  the 
alternations  of  e.m.f.  —  that  is,  so  that  the  connection  was 
reversed  just  at  the  same  instant  when  the  e.m.f  reversed, 
there  would  be  produced  in  the  circuit  at  the  right  of  the 
switch  a  unidirectional  e.m.f.,  as  indicated.  If  the  switch 
were  not  reversed  exactly  in  synchronism  with  the  current, 
flowing  in  the  alternating-current  circuit,  or  not  exactly  at 
the  instant  when  the  current  reached  its  zero  value  once  in 

*  See  Chapters  VIII  and  IX. 
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each  half-cycle,  destructive  sparking  or  arcing  would  be  pro- 
duced at  the  switch  points.  If  used  to  rectify  a  60-cycle 
alternating  current,  the  switch  would  have  to  be  reversed  120 
times  in  every  second  and  every  time  at  exactly  the  instant 
when  the  current  is  zero.    This  seems  too  rapid  to  be  prae- 
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Fig.  210.  If  the  switch  were  thrown  first  one  way  then  the  other  in 
time  with  the  alternations  of  the  alternating  current,  a  direct  cur- 
rent would  be  delivered  to  the  line  on  the  right.  A  commutator 
does  exactly  this  for  the  alternating  e.m.f.  of  the  armature. 

ticable,  but  it  is  exactly  what  is  done  in  the  so-called  "vi- 
brating-type  rectifier,"  which  is  a  device  for  changing  small 
amounts  of  power  from  alternating  into  direct  current  for 
charging  automobile-  and  ignition-batteries.  The  switch  is 
of  very  light  construction,  the  contacts  are  close  together,  the 
adjustment  must  be  very  accurate,  and  auxiliary  automatic  de- 
vices are  necessary  to  operate  the  switch  successfully,  but  the 
principle  is  as  shown  in  Fig.  210.*  In  a  direct-current  gener- 
ator the  commutator  performs  the  ofl&ce  of  this  reversing 
switch.  It  receives  an  alternating  e.m.f.  from  the  windings  of 
the  armature  and  delivers  a  direct  e.m.f.  to  the  external  circuit. 
67.  Collecting-Rings  for  Alternators.  If  we  desire  to  get 
alternating  current  in  the  external  circuit,  no  such  reversing 

*  See  Second  Course,  Chapter  IX,  on  Conversion  of  Alternating 
Current. 


ALTERNATING-CURRENT  GENERATORS  295 

switch  is  necessary  —  the  series  of  inductors  compoang  the 
armature  winding  can  be  connected  directly  to  the  external 
circuit  —  and  the  terminals  of  the  winding  become  directly 
the  terminals  of  the  armature.  If  the  armature  revolves,  as 
in  very  small  alternators,  a  collecting-ring  or  sliding  contact 
18  necessary  between  each  stationary  Une  wire  and  the  cor- 
responding terminal  of  the  moving  armature  winding.  If 
the  armature  is  stationary,  as  in  most  alternators,  no  such 


Fia.  211.  The  armature  of  Fig.  209  ftrranged  to  deliver  alterDating 
e.m.f.  to  the  circuit.  The  windingB  are  connected  in  series  and  the 
two  tfnninals  brought  out  to  a  pair  of  coUecting-riugs. 

device  is  required  in  the  circuit  of  the  armature,  but  two 
gliding  contacts  as  i2  in  Fig.  205  are  necessary  to  cany  direct- 
current  into  the  rotating  field  coils  for  producing  flux.  To 
illustrate  the  essential  structural  differences  between  direct- 
current  and  alternating-current  generators,  the  same  arma- 
ture which  was  used  with  a  commutator  in  Fig.  209  to  deliver 
direct  current  to  the  external  circuit  is  shown,  rearranged  so 
as  to  deliver  alternating  current  to  the  external  circuit,  in 
Elg.  211.     Notice  that  instead  of  a  commutator  consisting 
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of  numerous  segments  of  hard  forged  copper,  insulated  from 
each  other  and  from  the  frame  of  the  machine,  two  simple 
rings  are  used.  This  makes  the  alternating-current  genera- 
tor simpler  and  less  troublesome,  and  usually  cheaper  for  a 
given  power  capacity,  than  the  direct-current  generator  — 
other  things,  such  as  speed  and  grade  of  materials  used,  being 
equal.  These  diagrams  show  the  machine  as  seen  from  the 
end  where  the  current-collecting  device  (brushes,  with  col- 
lecting-rings or  commutator)  is  located.  Wires  used  to 
connect  the  inductors  at  the  further  end  of  the  armature  are 
shown  as  dotted  lines,  while  connections  at  the  near  end  are 
shown  as  full  lines.  One  collecting-ring  is  shown  inside  the 
other  simply  to  make  the  diagram  clear;  they  are  in  fact  all 
of  the  same  diameter  and  mounted  side  by  side  along  the 
shaft. 

68.  Open-circuit  and  Closed-circuit  Windings.  Now 
suppose  that  the  winding  of  the  direct-current  dynamo  of 
Fig.  209  were  continued  as  started,  using  a  proper  rela- 
tion between  the  number  of  slots,  poles,  commutator  bars 
and  pitch  of  the  winding  (or  distance  between  adjacent 
inductors  in  the  series,  or  between  sides  of  a  coil).  We 
should  find  that  the  winding  would  finally  end  exactly  where 
it  started,  the  beginning  and  the  end  would  be  soldered  to- 
gether, and  the  armature  winding  would  form  a  closed  circuit 
(independent  of  any  external  circuit)  by  re-entering  into 
itself.  The  commutator  bars  are  merely  tapped  off  at  equi- 
distant points  along  the  winding.  However,  if  the  corre- 
sponding alternating-current  winding  were  to  be  continued 
as  shown  in  Fig.  211,  the  completed  winding  would  be  an 
open  circuit  (its  two  ends  terminating  at  the  collecting- 
rings)  until  closed  by  making  a  connection  externally  be- 
tween the  brushes.  All  direct-current  dynamos  necessarily 
have  closed  windings.*    Alternating-current  machines  may 

*  The  only  exceptions  are  some  of  the  old  forms  of  generators  used  to 
produce  direct  current  for  arc  lighting  circuits,  the  Brush  arc-dynamo, 
for  instance.    These  are  no  longer  being  installed. 
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have  either  closed  or  open  windmgs.  The  latter  are  most 
usual,  but  the  former  are  used  m  cases  where  the  machine 
must  deliver  very  large  ciurents  at  low  voltage,  in  which 
case  the  winding  consists  of  several  similar  paths  connected 
in  parallel  to  the  terminals  of  the  armature,  thus  forming  one 
or  more  closed  circuits  or  meshes  within  the  armature  wind- 
ing. Closed  windings  are  also  used  where  the  same  machine 
must  handle  either  direct  current  or  alternating  current,  or 
both,  as  in  synchronous  converters,  double-current  genera- 
tors, or  Dobrowolsky  three-wire  direct-current  generators, 
which  will  be  found  treated  elsewhere. 

In  a  later  chapter  a  rather  full  explanation  of  the  subject 
of  armature  windings  for  alternating-current  machines  is 
given,  in  a  way  intended  to  be  useful  not  only  in  tracing  out . 
the  internal  connections  of  alternating-current  generators 
and  motors  so  that  they  may  be  assembled,  rearranged  or 
repaired  intelligently,  but  useful  also  in  helping  the  worker 
to  understand  what  alternating  e.m.f.'s  and  currents  are 
really  like,  what  phase  difference  means  and  does,  and  how 
to  use  vector  diagrams.  At  this  point,  we  shall  consider 
only  the  simplest  and  clearest  complete  diagram  which  can 
be  used  to  represent  the  actions  going  on  in  an  alternator, 
using  it  as  a  basis  for  explanations  of  such  actions. 

69.  Magnetic  Path:  Leakage.  Fig.  212  represents 
diagrammatically  a  two-pole  armature  having  24  inductors 
upon  its  outer  surface,  spaced  equidistant  from  each  other. 
The  thin  full  lines  represent  some  of  the  lines  of  magnetic 
flux,  passing  out  of  the  ^-pole  into  the  air  gap,  thence  into 
and  through  the  steel  core  of  the  armature,  through  the  air 
gap  under  the  adjacent  S-pole,  and  into  this  S-pole.  The 
magnetic  circuit  is  always  completed  from  S-pole  to  iV-pole 
through  some  form  of  iron  or  steel  yoke,  not  shown  here. 
The  actual  amount  and  distribution  of  the  magnetic  flux  is 
not  intended  to  be  shown  in  this  sketch;  it  depends  upon  a 
great  many  conditions,  to  be  explained  later,  as  becomes 
necessary  in  order  to  imderstand  the  operation  of  the  ma- 
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chiue.  As  the  armature  rotates  and  carries  them  around, 
each  of  the  conductors  on  the  armature  has  an  e.m.f.  induced 
in  it  while  it  ia  cutting  through  lines  of  flux.  The  only  lines 
that  can  be  cut  are  those  entering  or  leaving  the  steel  core  of 
the  armature.  The  cylindrical  armature  core  is  made  hollow, 
as  shown,  to  economize  material  and  to  improve  the  circula- 


Fio.  212.    Magnetic  path  through  the  armature  of  a  simple  two-pole 

generator. 

tion  of  air  for  carrying  off  the  heat  due  to  the  losses,  so  as  to 
keep  the  temperature  down  to  a  value  which  will  not  injure 
the  insulation  around  each  armature  conductor.  The  cross- 
section  of  this  core  is  made  no  larger  than  necessary  to  keep 
the  density  of  magnetic  flux  in  it  down  to  a  point  where  the 
hysteresis  and  eddy-current  losses  will  be  reasonable.  The 
flux  finds  it  easier  to  pass  through  iron  than  through  air,  so 
there  are  practically  no  lines  of  flux  within  the  hollow  core  — 
practically  ail  of  those  that  enter  the  armature  core  prefer 
to  pass  through  it,  as  shown.  A  few  fines  will  always  pass 
from  one  pole  to  the  other  through  the  air  without  entering 
the  armature,  because  this  leakage  path  (for  flux  which  is 
useless  because  the  armature  conductors  cannot  cut  it) 
always  exists  in  parallel  with  the  path  of  the  useful  flux  (into 
and  through  the  armature).    The  proportion  of  leakage  flux 
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to  useful  flux  is  kept  as  low  as  possible  in  order  to  improve 
the  voltage  regulation  and  efficiency  of  the  dynamo,  and 
increase  the  amount  of  load  it  can  carry.  This  proportion 
depends  upon  the  construction  of  the  machine  and  upon  the 
amperes  and  power-factor  of  the  current  delivered  by  the 
armature. 

Prob.  8-6.  Draw  a  sketch  showing  the  magnetic  circuits  and 
distribution  of  flux  in  a  four-pole  dynamo.  Mark  the,  polarity  of 
all  the  poles  and  the  direction  of  each  line  of  flux.  Make  the  sketch 
large  enough  to  be  clear,  and  do  not  crowd  the  lines  of  flux. 

Prob.  9-6.  As  in  Problem  8-6,  draw  the  magnetic  circuits  of  a 
six-pole  dynamo. 

Prob.  l(h^.  Draw  sketches  showing  what  you  think  would  hap- 
pen to  the  magnetic  flux  in  a  six-pole  dynamo  if  the  bearings  should 
wear  so  as  to  allow  the  armature  to  drop  a  little. 

Prob.  11-6.  Draw  sketches  showing  how  you  think  the  flux  dis- 
tribution of  the  same  dynamo  would  be  altered  if  pole-shoes  were 
put  on  the  pole-cores,  making  the  pole-faces  cover  say  80  per  cent  of 
the  circumference  of  the  armature,  instead  of  60  per  cent. 

70.  Grouping  of  Armature  Inductors.  Drum  and  Ring 
Windings.  While  the  armature  of  Fig.  212  is  rotating  in  a 
clockwise  direction,  each  armature  conductor  is  generating 
an  e.m.f .  in  a  direction  away  from  the  reader  (represented  by 
a  cross  within  the  circle)  as  it  cuts  the  flux  under  or  near  an  JV- 
pole,  and  an  e.m.f .  toward  the  reader  (represented  by  a  dot 
within  the  circle)  as  it  cuts  the  flux  in  the  field  of  an  S-pole. 
These  symbols  will  be  adhered  to;  to  remember  them,  the 
reader  may  consider  that  an  arrow  within  the  inductor  is 
pointed  in  the  direction  of  the  e.m.f.,  and  that  he  sees  either 
the  feather  end  ©  when  the  arrow  and  current  are  going 
away  from  him  or  the  pointed  end  of  the  arrow  O  when  the 
current  is  flowing  toward  him.  Notice  that  the  direction  of 
e.m.f.  in  the  various  inductors  naturally  divides  them  into 
groups,  the  number  of  groups  being  equal  to  the  number  of 
poles,  two  in  this  case.  The  neutral  points  (p)  are  the  points 
which  mark  the  boundaries  between  the  fields  of  adjacent 
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poles  —  the  points  where  a  Une  of  flux  from  an  iV-pole  just 
touches  the  armature  and  emerges  agam  immediately  to  go 
to  the  nearest  S-pole.  The  e.m.f.  induced  in  any  inductor 
reverses  direction  as  it  passes  a  neutral  point  —  being  in  one 
direction  while  it  is  moving  on  one  side,  in  the  opposite 
direction  while  it  continues  its  motion  on  the  other  side,  and 
zero  just  at  the  moment  it  passes  the  neutral  point.  The 
field  is  comparatively  sparse  or  weak  in  the  region  between 
the  pole  tips,  where  the  air  path  is  long  and  the  magnetic 
reluctance  consequently  high.  Hence  the  e.m.f.  throughout 
this  space  is  almost  zero,  and  the  neutral  point  is  said  to  be 
in  the  midst  of  a  neutral  zone.  When  the  flux  is  distributed 
symmetrically  with  respect  to  the  centers  of  the  poles,  as  it 
is  at  zero  load,  the  neutral  points  are  situated  midway  be- 
tween the  adjacent  tips  of  adjacent  N-  and  S-poles,  as  illus- 
trated in  Fig.  212  at  p  and  p\ 

To  get  the  greatest  total  useful  effect  from  all  the  induc- 
tors upon  the  armature,  we  must  group  them  together  in 
such  a  way  that  they  add  their  effects  together,  and  do  not 
oppose  one  another.  If  we  desire  particularly  to  get  high 
voltages,  we  connect  them  together  so  that  their  induced 
e.m.f. 's  are  in  additive  series.  If  we  would  rather  get  large 
current  capacity  at  moderate  voltage,  we  group  part  of  them 
in  series  and  similar  groups  in  paralleL  The  connections 
between  inductors  may  be  made  in  either  of  two  ways,  called 
drum  winding  and  ring  winding  respectively.  The  drum 
winding  is  illustrated  by  Fig.  209  and  211.  The  end-con- 
nectors between  the  inductors  are  like  chords  across  the  ends 
of  the  armature,  curving  somewhat  so  as  to  pack  together 
properly,  require  the  minimum  amount  of  wire,  avoid  the 
shaft  and  permit  removal  of  the  rotor.  Every  armature 
conductor  which  is  wound  lengthwise  of  the  shaft  is  located 
on  the  outside  surface  of  the  armature  core,  and  is  a  useful 
inductor  contributing  to  the  e.m.f.  of  the  machine. 

The  ring  winding  produces  effects  exactly  similar  to  those 
of  the  drum  winding,  and  although  long  ago  discarded  on 
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account  of  inherent  defects,  the  diagram  of  it  is  much  more 
convenient  to  use  in  explaining  the  action  of  electrical  ma- 
chinery. A  sufficient  excuse  for  using  this  diagram  instead 
of  that  for  drum-wound  armature  is  that  it  saves  time.  In 
F^.  213,  adjacent  inductors,  those  numbered  1  and  2,  for 
instance,  have  been  placed  in  electrical  series  so  that  their 
e.mi.'s  are  added  t<%ether  and  not  opposed,  by  means  of  a 
small  radial  end-connector  x  on  the  front  end  of  the  arma- 


Fig.  213.    A  ring-wound  annature.     Note  that  only  the  aumbered 

conductors  cut  lines  of  force.     The  others  (z,  y  and  t)  merely  serve  to 
conuect  the  numbered  conductors  to  one  another. 

ture  core,  a  conductor  y  on  the  inside  of  the  core  and  another 
end-connector  z  at  the  further  end  of  the  armature.  Such 
method  of  connection  is  repeated  succesavely  between  all 
adjacent  inductors.  This  armature  winding  is  called  the  ring 
^rinding  and  is  seen  to  be  of  the  closed  or  re-entrant  type. 
None  of  the  end-connections  like  x  and  2,  nor  any  of  the  inside 
conductors  like  y,  contribute  anything  to  the  total  e.m.f .  of  the 
series  of  inductors,  because  they  cut  no  lines  of  flux.  It  is 
plain  that  the  armature  circuit  contains  more  inactive  ma- 
terial in  the  form  of  connections  like  x,  y,  z,  than  of  active 
material  in  the  form  of  inductors  like  those  numbered.  This 
proportion  is  also  usually  higher  in  a  ring  winding  than  in  a 
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drum  winding  for  the  same  armature,  resulting  in  a  more 
expensive  or  less  efficient  dynamo  for  the  same  volts  and 
amperes  capacity.  Moreover,  the  ring  winding  must  be 
woimd  in  place  upon  the  armature  laboriously  and  by  hand, 
instead  of  being  done  separately  by  machines  in  formed  coils 
which  are  subsequently  laid  upon  the  armature  and  soldered 
together  into  a  complete  circuit,  as  in  the  case  of  the  drum 
winding.  Finally,  the  inductance  of  the  ring  winding  is 
greater  than  that  of  the  equivalent  drum  winding,  which 
would  make  an  alternator  have  a  poorer  voltage  regulation.* 
For  these  reasons,  the  drum  winding  is  used  universally  for 
all  types  of  d3niamos,  direct  current  or  alternating  current. 
However,  the  equivalent  ring  winding,  on  account  of  its 
simplicity,  will  be  used  for  illustration  instead  of  the  drum 
winding  wherever  possible. 

In  a  winding  like  that  of  Fig.  213,  or  any  equivalent  re- 
entrant drum  winding,  a  current  could  flow  locally  within 
the  closed  mesh  in  the  armature,  even  without  any  external 
circuit  or  load  connected,  if  there  were  any  resultant  e.m.f . 
acting  around  this  mesh.  Any  such  local  circulating  cur- 
rent would  heat  up  the  armature  and  reduce  the  amount  of 
useful  current  and  power,  or  load,  that  it  could  deliver  to  an 
external  circuit.  However,  the  resultant  e.m.f.  around  the 
closed  mesh  is  at  every  instant  equal  to  zero  in  such  a  case  as 
this,  where  all  of  the  inductors  are  in  series,  t  This  is  be- 
cause just  as  many  lines  of  flux  must  leave  the  armature  to 
return  to  S-poles  of  the  field  magnets,  as  enter  the  armature . 
from  the  iV-poles,  however  many  these  poles  may  be.  Since 
all  of  the  inductors  are  attached  to  the  armature  at  uniform 
distances  apart,  and  move  at  the  same  speed  through  a 
symmetrically  distributed  flux,  the  total  number  of  entering 
lines  cut  per  second  by  the  inductors  must  at  every  instant 
be  equal  to  the  total  number  of  emerging  lines  cut  per  second. 

*  See  Second  Course,  Chapter  I. 

t  There  may  be  a  circulating  current  under  certain  conditionB  in  a 
parallel-wound  or  two-circuit  armature;  see  pages  407  and  470. 
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Thus  the  e.m.f/s  induced  in  the  closed  circuit  by  these  two 
actions  are  opposite  in  direction  and  equal  in  value,  and  the 
resultant  is  zero  volts  at  all  moments.  Therefore  the  fact 
that  this  is  a  closed  winding  does  not  make  its  electrical 
action  difiFer  essentially  from  that  of  an  open  winding. 

Prob.  12-6.  Make  a  neat  sketch  similar  to  Fig.  213,  but  for  a 
four-pole  ring  winding  with  24  inductors  equally  spaced. 

"Prob.  18-6.  In  Fig.  214,  the  flux  is  assumed  to  be  distributed 
uniformly  under  the  face  of  each  pole,  and  no  flux  entering  the  arma- 
ture beyond  the  edges  of  the  poles.    Assuming  the  flux  density  to 


I 

Fig.  214.    A  simple  ring-wound  armature. 

be  50,000  lines  per  square  inch  at  every  point  in  the  air  gap  between 
the  armature  and  the  pole  faces,  diameter  of  armature  6  inches,  fre- 
quency 60  cycles,  poles  covering  58.3  per  cent  of  the  circumference 
of  armature,  length  of  pole-face  parallel  to  shaft  8  inches,  calculate 
the  e.m.f.  in  each  numbered  inductor  and  the  total  e.m.f.  in  the 
closed  mesh  of  the  armature  winding,  at  the  instant  shown.  Calcu- 
late the  total  useful  flux  per  pole. 

Prob.  14-6.  Repeat  the  calculations  of  Problem  13-6  and  find 
the  e.m.f.  in  each  numbered  inductor  and  the  total  e.m.f.  of  the  ring, 
at  an  instant  one-quarter  period  later. 

Prob.  16-6.  Suppose  that  the  density  of  the  useful  flux  in  Fig.  214 
varies  from  place  to  place  around  the  entire  circumference  of  the 
armature,  in  such  a  manner  that  the  density  (in  lines  entering  arma- 
ture per  square  inch  of  its  surface)  at  any  point  d  degrees  removed 
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from  the  neutral  point  is  represented  by  the  equation  B  =  45,810 
X  sin  ^.   Conductors  1  and  13  lie  on  the  neutral  points.   Calculate: 

(a)  The  flux  density,  lines  per  square  inch,  at  the  position  oc- 
cupied by  each  numbered  inductor  in  Fig.  214. 

(6)  The  e.m.f.  induced  in  each  inductor  at  the  moment  the 
armature  is  passing  through  the  position  illustrated  in  Fig.  214. 

{c)  The  total  e.m.f.  acting  at  this  instant  in  the  closed  ring 
winding. 

Prob.  16-6.  Repeat  the  calculations  of  Problem  15-6,  and  find 
the  e.m.f.  in  each  numbered  inductor  and  the  total  e.m.f.  in  the 
closed  ring,  at  an  instant  one-quarter  period  later.. 

71.  Tapping  Points  on  Closed-circuit  Wiiidings.  To 
get  e.m.f.  and  current  from  the  rotating  armature  to  the. 
stationary  line  wires,  we  must  select  points  in  the  winding 
to  which  we  may  attach  the  sliding-contact  connections,  or 
collecting-riags.  For  a  single-phase  circuit  having  two  wires, 
we  need  two  rings.  Unless  these  rings  are  attached  to  points 
on  the  winding  having  certain  positions  relative  to  each  other, 
two  difficulties  will  be  encountered.  First,  the  e.m.f.  will  be 
reduced  by  having  some  of  the  inductors  oppose  others  in  the 
same  series  or  circuit;  and,  second,  the  current  will  be  un- 
equally distributed  in  the  armature  conductors,  resulting  in 
overheating  the  windings  and  in  reduced  output. 

The  proper  location  of  taps  depends  upon  the  number  of 
poles  on  the  alternator. 

This  will  be  made  clear  by  a  number  of  examples.  Fig. 
214  shows  the  same  facts  as  Fig.  213,  but  in  a  more  con- 
ventional way.  Only  the  front  end-connections  are  shown 
in  Fig.  214,  and  the  direction  in  which  the  induced  e.m.f.  of 
the  inductors  acts  through  the  circuit  is  shown  by  arrows 
marked  upon  these  end-connections.  In  a  two-pole  single- 
phase  armature  such  as  this,  each  of  the  collecting-rings 
should  be  tapped  to  a  single  point  of  the  windings.  These 
points  should  be  chosen  so  that,  when  one  of  them  is  under 
the  middle  of  the  iV-pole,  the  other  is  at  the  same  instant 
under  the  middle  of  the  S-pole.  This  brings  the  taps  dia- 
metrically opposite  each  other,  as  shown  at  a  and  h  in  Fig. 
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214.  The  armature  winding  is  thus  divided  into  two  parallel 
paths  between  the  rings,  each  path  being  a  series  combination 
consisting  of  one-half  the  total  number  of  inductors.  The 
total  e.m.f.  between  rings  at  each  instant  is  equal  to  the  sum 
of  the  e.m.f. 's  induced  in  all  of  the  inductors  of  one  path,  at 
that  instant,  this  sum  being  the  same  for  each  path.  What- 
ever current  may  be  delivered  to  an  external  circuit  connected 
between  the  rings  will  be  divided  equally  between  these  two 
parallel  paths,  because  their  e.m.f. 's  are  equal  and  they  are 
so  constructed  as  to  have  equal  resistances  and  impedances. 
To  show  how  the  total  e.m.f.  between  rings  alternates,  consider 
Fig.  215  to  219,  these  being  views  of  the  same  machine  at  suc- 


FiG.  215. 


The  voltage  between  the  rings  a  and  6  is  a  maximum  at 

this  instant. 


cessive  instants  one-quarter  revolution,  or  one-quarter  period, 
apart.  The  e.m.f.  between  rings  has  its  maximum  value  in 
Fig.  215,  because  all  of  the  series  inductors  in  either  path 
have  e.m.f.'s  in  the  same  direction  at  this  instant.  One- 
quarter  revolution  later,  as  in  Fig.  216,  the  e.m.f.  between 
a  and  b  has  become  zero,  because  each  path  has  half  of  its 
series  inductors  inducing  an  e.m.f.  equal  and  opposite  to 
that  in  the  other  half  of  the  same  series.  After  another 
quarter  revolution,  the  conditions  are  as  in  Fig.  217,  and 
the  e.m.f.  is  again  at  its  maximum  value,  but  'n  the  reverse 
direction.  After  another  quarter  period,  the  e.m.f.  is  again 
zero  as  in  Fig.  218;  and  when  a  whole  revolution  has  been 
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Fig.  216.    The  voltage  between  the  rings  a  and  6  is  now  zero, 
armature  has  turned  through  one-quarter  of  a  revolution. 


The 


Fig.  217. 


The  voltage  across  a  and  6  is  again  a  maximum  although 
in  the  direction  opposite  that  of  Fig.  215. 


Fig.  218.  The  armature  has  turned  through  another  quarter  revolu- 
tion and  the  voltage  between  a  and  h  has  again  become  zero  as  in 
Fig.  216. 
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completed,  the  cycle  is  complete  (Fig.  219),  and  the  e.m.f. 
is  at  its  maximum  value  again  as  in  Fig.  215.  The  voltage 
between  rings  will  depend  upon  the  height  and  form  of  the 
wave  of  e.m.f.  induced  in  each  inductor,  upon  the  num- 
ber and  spacing  of  the  inductors,  and  upon  the  resistance 
and  reactance  of  the  armature  circuit  and  the  armature 
current. 

Prob.  17-6.  Assuming  a  uniform  flux  distribution  without  fring- 
ing, under  conditions  as  in  Problem  13-6,  calculate  the  total  e.m.f. 


Fig.  219.  The  armature  has  now  made  a  complete  revolution  and  is 
in  the  same  position  as  in  Fig.  215.  The  voltage  between  the  rings 
a  and  h  is  again  a  maximum,  and  in  the  same  direction  as  in  Fig.  215. 

between  rings  at  the  instant  that  the  armature  passes  through  the 
position  illustrated  in  Fig.  214. 

Prob.  18-6.  The  armature  is  delivering  a  current  of  100  amperes 
at  the  instant  it  is  moving  through  the  position  illustrated  in  Fig. 
215.  How  many  amperes  are  flowing  in  each  one  of  the  inductors 
at  this  instant? 

Prob.  19-6.  (a)  If  the  total  induced  e.m.f.  between  rings  is  a  sine 
wave  of  100  volts  effective  value,  and  the  current  in  the  armature 
is  also  a  sine  wave,  with  an  effective  value  of  100  amperes,  but  lag- 
ging practically  one-quarter  period  or  90  electrical  degrees  behind 
the  induced  e.m.f.,  what  is  the  direction  and  value  of  the  current  in 
each  inductor  at  the  instant  the  armature  is  passing  through  the 
position  shown  in  Fig.  216,  when  the  e.m.f.  is  zero? 

(6)  Which  inductors  are  opposing  the  motion  of  the  armature 
(carrying  current  in  same  direction  as  induced  e.m.f.,  and  acting 
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as  generators),  and  which  inductors  are  aiding  the  motion  of  the 
armature  (carrying  current  in  direction  opposite  to  induced  e.m.f ., 
and  acting  as  motors)? 

(c)  Measuring  the  generator  or  motor  action  in  watts,  or  prod* 
uct  of  instantaneous  amperes  and  instantaneous  induced  volts, 
calculate  the  net  total  generator  action  and  motor  action  of  the 
entire  winding  at  the  instant  pictured  in  Fig.  216. 

Prob.  20-6.  (a)  Repeat  the  calculations  of  Problem  19-6,  for  the 
same  effective  values  of  voltage  and  current,  and  the  same  phase 
lag  of  current  behind  e.m.f.  (zero  power-factor),  but  consider  the 
armature  at  the  instant  pictured  in  Fig.  215,  when  the  e.m.f.  is 
maximum. 

(6)  From  comparison  of  the  results  of  Problems  19-6  and  20-6, 
and  any  similar  ones  which  may  be  solved  for  other  armature  posi- 
tions, what  can  you  say  concerning  the  amount  of  torque  and  power 
required  to  drive  a  generator  on  a  purely  inductive  load  with  zero 
power-factor?    The  armature  resistance  is  neglected  here. 

Prob.  21-6.  Assuming  the  useful  flux  to  be  distributed  around 
the  armature  so  that  the  intensity  of  the  field  through  which  the 
inductors  move  at  successive  instants  or  positions  varies  harmoni- 
cally, and  that  B  conforms  to  the  equation  given  in  Problem  15-6, 
calculate  the  total  instantaneous  e.m.f.  between  the  two  collecting- 
rings  in  Fig.  215. 

Prob.  22-6.  Calculate  the  total  e.m.f.  between  rings  as  in  Prob- 
lem 17-6,  for  successive  positions  of  the  armature  ^  revolution 
apart,  or  successive  instants  15  electrical-  or  time-degrees  apart, 
and  covering  one  complete  period  or  cycle.  Draw  a  curve  between 
time  as  abscissas  (frequency  60  cycles)  and  instantaneous  volts 
between  rings  (zero  load)  as  ordinates.  Calculate  the  effective 
value  of  this  e.m.f.  curve. 

Prob.  23-6.  Solve  Problem  22-6  for  the  machine  described  in 
Problems  21-6  and  15-6.  Compare  the  wave-form  of  resultant 
e.m.f.  between  rings  with  that  of  the  e.m.f.  in  a  single  inductor. 

Prob.  2^6.  Draw  on  tracing  pai>er  or  cloth  a  sine  curve  of  e.m.f. 
(e  =  Etn  sin  0)  to  the  same  scale  of  abscissas  used  in  Problem  23-6, 
using  the  same  maximum  value  of  e.m.f.  as  found  to  exist  in  the 
curve  of  e.m.f.  between  rings  in  Problem  23-6.  Lay  this  sine  curve 
over  the  curve  in  the  preceding  problem,  and  compare  the  forms  of 
the  two  curves.  Does  this  prove  to  you  that  the  sum  or  resultant 
of  any  number  of  sine  curves  of  any  height  or  amplitude,  and  any 
phase  relation,  but  aU  of  the  same  frequency,  is  also  a  sine  curve? 
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If  the  taps  to  the  two  rings  had  been  made  at  some  other 
points  on  the  bipolar  winding,  as  shown  in  Fig.  220,  it  may 
be  shown  by  the  same  process  of  reasoning  that  the  e.m.f. 
between  rings  or  taps  is  alternating,  but  has  a  smaller  maxi- 
mimi  value  and  also  a  smaller  effective  value.  The  smn  of 
e.m.f  .'s  in  the  path  apb  is  at  every  instant  equal  to  the  sum  of 
e.m.f. 's  in  the  path  ap'b.  To  demonstrate  this,  extend  the 
line  of  a  straight  through  the  center  to  a'j  and  extend  b  to  b\ 
The  sum  of  e.m.f.'s  between  a  and  b'  is  always  equal  to  the 
sum  of  e.m.f .'s  from  b  to  a'  at  the  same  instant.    Since  these 
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Fig.  220. 


Note  that  the  armature  winding  is  tapped  at  two  points  90' 
apart,  instead  of  ISO**. 


two  sums  are  in  opposite  directions  in  the  same  series  path 
(ap'b),  they  neutralize  each  other  exactly,  leaving  as  the 
resultant  total  e.m.f.  of  path  ap'6  only  the  inductors  in  the 
series  b'p'a'.  This  total  e.m.f.  is  seen  to  be  the  same  in  value 
and  toward  the  same  ring  as  the  total  e.m.f.  in  the  other  path 
apb.  The  position  of  the  armature  in  Fig.  220  is  such  that 
both  of  these  totals  have  zero  value.  Hence  if  the  total 
e.m.f  .'s  in  the  two  parallel  paths  are  equal,  any  current  which 
may  be  delivered  to  the  external  circuit  through  the  rings, 
will  be  divided  unequally  between  these  paths,  the  path  apb 
carrying  a  much  larger  share  than  the  path  ab'p'a'b,  because 
its  impedance  is  less,  it  having  fewer  turns.    If  the  impedances 
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were  of  the  same  ratio  as  the  resistances,  the  former  would 
carry  three  times  as  much  current  as  the  latter.  In  Fig.  221 
the  e.m.f.  between  rings  has  its  maximum  value,  which  is 
seen  to  be  less  than  the  maximum  in  Fig.  215  for  the  same 
armature. 

The  result  of  a  comparison  between  this  case  and  that 
where  windings  were  tapped  at  diametrically  opposite  points 
shows  that  for  a  two-pole  machine  the  greatest  alternating 
e.m.f.  is  obtained  when  the  armature  windings  are  tapped 
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Fio.  221.  Armature  tapped  as  in  Fig.  220.  Note  that  the  e-m.f.'s  in 
that  part  of  the  armature  between  a  and  h'  exactly  balance  and  thus 
deliver  no  e.m.f.  to  the  rings.  The  same  is  true  of  the  conductors 
between  6'  and  a'.  The  maximum  e.m.f.  is  thus  less  than  when 
tapped  as  in  Fig.  ^\b,  where  there  are  no  conductors  which  neutralize 
one  another,  when  the  armature  is  in  the  position  where  the  maximum 
total  e.m.f.  is  generated. 

at  points  diametrically  opposite  each  other.  When  tapped 
at  any  other  points  the  e.m.f.  is  less  and  the  current  distri- 
bution in  the  windings  will  not  be  uniform. 

Prob.  25-6.  Under  the  conditions  stated  in  Problem  13-6,  cal- 
culate the  form  of  the  e.m.f.  wave  produced  between  rings  tapped 
as  in  Fig.  220.  After  drawing  the  e.m.f.  wave  to  scale,  calculate 
the  effective  value  of  the  e.m.f.  Compare  these  results  with  those 
of  Problem  22-6. 

Prob.  26-6.  Under  the  conditions  stated  in  Problem  15-6,  cal- 
culate the  form  of  the  e.m.f.  wave  produced  between  rjmgs  tapped 
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as  in  Fig.  220.  After  drawing  the  e.m.f.  wave  to  scale,  calculate 
the  effective  value  of  the  e.m.f.  Compare  with  results  of  Problem 
23-6. 

Prob.  27-6.  (a)  At  rated  full  load  a  certain  two-pole  single-phase 
ring-wound  armature  like  that  in  Fig.  215  delivers  from  its  rings  a 
current  of  sine  wave-form  and  100  amperes  effective  value;  what 
should  be  the  effective  value  of  the  amperes  flowing  in  each  path, 
or  in  each  inductor? 

(6)  If  the  two  rings  are  tapped  as  in  Fig.  220,  is  the  effective 
value  of  current  the  same  for  all  inductors  in  both  paths?  Com- 
pare the  values  of  the  current  in  each  conductor  of  a  single  path. 

(c)  Assuming  the  impedance  of  either  path  to  be  proiX)rtional 
to  the  length  of  conductor  in  the  path,  calculate  the  ratio  of  the 
effective  amperes  in  one  path  to  the  effective  amperes  in  the  other 
path. 

{d)  In  what  ratio  are  the  watts  used  up  in  heating  each  path  in 
Fig.  220  greater  than  they  would  be  when  delivering  the  same  am- 
peres output,  if  the  two  rings  were  properly  tapped  as  in  Fig.  215? 

Prob.  28-6.  In  Problem  27-6,  by  what  percentage  are  the  total 
watts  lost  in  the  whole  armature  greater  or  less  when  tapped  as  in 
Fig.  220  than  when  tapped  properly  as  in  Fig.  215,  assuming  the 
same  amperes  output  in  both  cases  and  the  same  winding? 

Prob.  2^-6.  By  what  percentage  must  the  amperes  output  be 
changed  from  rated  full-load  amperes,  if  this  machine  is  tapped  as 
in  Fig.  220  instead  of  properly  as  in  Fig.  215,  in  order  that  the  total 
rate  of  heat  development  in  the  whole  armature  winding  shall  not 
be  above  that  permitted  at  rated  full  load? 

Prob.  80-6.  The  percentage  reduction  in  load  capacity  due  to 
incorrect  tapping  of  the  collecting-rings  is  really  determined  more 
by  the  local  heating  of  particular  inductors  or  paths  than  by  the 
average  heating  of  the  entire  armature.  By  what  percentage  must 
the  amperes  output  from  the  rings  be  reduced  below  rated  full-load 
amperes  output,  when  tapped  as  in  Fig.  220,  in  order  to  prevent  any 
single  inductor  from  developing  heat  faster  than  it  would  develop 
at  rated  full  load  when  the  same  winding  is  tapped  properly  as  in 
Fig.  215? 

72.  Armature  Taps  for  a  Synchronous  Converter.    The 

method  of  obtaining  a  direct  current  from  this  same  arma- 
ture by  appl3ring  a  commutator  is  illustrated  in  Fig.  222. 
The  segments  of  the  commutator  are  thoroughly  insulated 
from  one  another  and  from  the  frame;  they  are  tapped  to 
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equidistant  points  of  the  armature  winding,  these  taps  vir- 
tually dividing  the  winding  into  coila.    In  fact,  the  few  ring- 


Fia.  222.    The  oimftture  of  Fig.  213-221,  topped  and  connected  to 
oommutotor  80  aa  to  deliver  direct  current. 


Fia.  223.    A  ring-wound  armature  in  which  the  winding  consists  of 
equally-spaced  coils  of  equal  number  of  turns  each. 

wound  machines  which  are  manufactured,  have  their  wire 
wound  on  in  equidistant  coila  of  equal  number  of  turns  as  in 
Fig.  223,  the  adjacent  ends  of  adjacent  coils  being  soldered 
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Fio.  224.    A  ring-wound  armature  in  the  process  of  coDBtruction. 
The  coik  are  wound  on  the  core  by  band.    Fort  Wayne  Works. 


Fia.  225.  The  finished  rinR-wound  armature  of  Fig.  224.  Note  that 
adjacent  coils  are  soldered  together,  and  leads  brought  from  the 
juncture  points  to  the  commutator  segments. 
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together.  For  a  direct-current  machine,  the  Junction  points 
of  coils  are  tapped  to  the  commutator  bars.  See  Fig.  224 
and  225. 

The  same  winding  may  deliver  both  direct  current  and 
alternating  current  at  the  same  time;  it  is  then  called  a 
double-current  generator.  Fig.  226  shows  the  connections 
for  this  purpose  to  be  merely  a  combination  of  those  in  Fig, 
222  and  215.  Instead  of  tapping  separately  from  the  wind- 
ings to  the  commutator  bars  and  to  the  collecting-rings,  it  is 


Fio.  226.  The  armature  of  Fig.  213-222  tapped  and  fumiahed  with 
both  commutator  and  collc<: ting-rings.  It  can  thus  deLver  both 
direct  and  alternating  current  at  the  same  time.  This  is  also  the 
method  of  tapping  a  synchronous  converter. 

possible  to  tap  from  the  rings  to  the  proper  commutator  bars. 
Thus,  single-phase  alternating  current  may  be  had  from  any 
direct-current  generator,  simply  by  mounting  upon  the  shaft 
two  insulated  rings  and  coimecting  them  to  commutator 
bars  separated  by  a  proper  distance.  A  synchronous  con- 
verter or  a  Dobrowolsky  three-wire  direct-current  generator 
could  be  improvised  in  this  way. 

Prob.  31-6,  When  the  speed  and  field  excitation  of  a  two-riog 
double-current  generator  like  that  in  Fig.  226  are  such  as  to  pro- 
duce 220  volts  direct  current  at  the  terminals  N  aod  P,  the  e.m.f. 
between  the  rings  a  and  6  is  about  160  volts  effective.     If  the  total 
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load  of  10  kw.  were  equally  divided  between  the  alternating-current 
and  the  direct-current  circuits,  how  many  amperes  must  be  delivered 
to  each  circuit?    The  alternating-current  circuit  is  non-inductive. 

Prob.  82-6.  Suppose  the  dynamo  shown  in  Fig.  226  were  oper- 
ating as  an  "inverted"  converter  (that  is,  converting  direct  e.m.f. 
to  alternating  e.m.f.),  taking  direct  current  from  220- volt  mains 
and  delivering  alternating  current  at  160  volts.  When  delivering 
10  kw.  to  the  single-phase  alternating-current  circuit  at  unity  power- 
factor,  it  operates  at  an  efficiency  of  88  per  cent.  What  is  the 
alternating-current  amperes  output  and^the  direct-current  amperes 
input? 

Prob.  88-6.  If  the  converter  of  Problem  32-6  were  delivering 
its  10  kw.  to  an  inductive  load  having  a  power-factor  of  0.8,  what 
would  be  the  amperes  and  kilovolt-amperes  on  the  alternating- 
current  side,  and  the  amperes  and  kilowatts  on  the  direct-current 
side?    The  efficiency  in  this  case  is  86  per  cent. 

Prob.  84-6.  By  inspection  of  Fig.  226,  what  relation  do  you 
observe  between  the  e.m.f.  at  the  direct-current  brushes  and  the 
maximum  instantaneous  value  of  the  alternating  e.m.f.  between 
the  collecting-rings?  Draw  a  sketch  of  this  machine  as  it  appears 
at  the  instant  when  the  alternating  e.m.f.  between  rings  has  zero 
value. 

Prob.  85-6.  If  the  e.m.f.  between  rings  in  Fig.  226  were  exactly 
of  sine  wave-form,  what  would  be  its  effective  value  when  the  e.m.f. 
between  direct-current  terminals  is  230  volts? 

73.  Multipolar  Alternators.  When  we  consider  a  four- 
pole  alternator  with  a  closed  winding,  we  find  that  the  method 
of  tapping  must  dififer  from  that  which  is  proper  for  a  two- 
pole  alternator.  Fig.  227  illustrates  the  same  ring-wound 
armature  used  in  the  preceding  figures,  but  without  any  col- 
lecting-rings attached,  and  placed  in  a  four-pole  field.  It 
will  be  noticed  that  the  same  inductors  are  now  naturally 
divided  into  four  groups  or  zones,  giving  four  neutral  points 
p  between  groups,  instead  of  two.  The  inductors  in  each 
cutting  zone  are  adjacent  to  each  other  and  all  of  them  have 
e.m.f.  in  the  same  direction.  The  conventional  sketch,  with 
direction  of  the  e.m.f.'s  marked  on  the  end-connections  be- 
tween inductors,  is  shown  in  Fig.  228.  The  total  resultant 
e.m.f.  around  the  closed  ring  is  zero,  notwithstanding  the 
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Fig.  227.    The  armature  of  the  preceding  figures  placed  in  a  four 
pole  field.    Note  that  there  are  now  four  neutral  zones. 


Fig.  228.    The  direction  of  the  induced  e.m.f.  in  each  inductor  is  here 
shown  in  the  conventional  way  for  the  conditions  of  Fig.  227. 
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increased  number  of  poles  and  the  new  grouping  of  inductors. 
Fig.  229  and  230  show  two 
positions  of  a  single-phase  or 
two-ring  armature,  tapped 
at  two  diametrically  oppo- 
site points,  as  was  shown  in 
Fig.  215  to  be  proper  for  a 
two-pole  field,  but  here  used 
with  a  four-pole  field.  In 
both  of  these  positions,  as 
in  any  position  which  the 
student  may  choose  to  draw, 
the  e.m.f .  between  the  rings 

is  zero.     That  is,  a  closed   no.  229.    The  armature  tapped  for  a 

two-pole  field  and  placed  in  a  four- 
pole  field.  Note  that  the  e.m.f. 
across  the  rings  is  zero. 


armature  winding  tapped 
properly  for  two  poles  will 
not  deliver  anything  when 
used  with  a  four-pole  field. 


In  order  that  altematrng-current 
armatures  be  interchange- 
able they  must  be  not  only 
magnetically  and  mechani- 
cally similar,  but  they  must 
be  wound  for  the  same  num- 
ber of  poles. 

When  the  closed  winding 
is  used  with  a  four-pole 
armature,  each  ring  should  be 
tapped  to  two  points  which 
are  electrically  similar  — 
that  is,  so  located  that  there 

Fio.  230.  The  armature  of  Fig.  229  is  no  voltage  between  them, 
turned  90  electrical  degrees.  Still  or  SO  that  one  of  these  points 
there  is  no  e.m.f.  induped  across  ^f  the  winding  is  under  the 

®  ""^*  middle  of  one  iV-pole  at  the 

same  instant  the  other  point  is  at  the  middle  of  the  other 
i\r-pole.    Leads  from  these  two  tapping  points  then  go  to 


318 


ALTERNATINCh<JURRENT  ELECTRICITY 


the  same  ring.  Two  corresponding  taps  are  taken  from 
points  directly  under  S-poles  and  brought  to  the  other- 
ring.  The  taps  for  one  ring  should  be  located  in  such  a 
way  with  respect  to  the  taps  of  the  other  ring  that 
all  of  the  parallel  paths  through  the  armature  between 
the  two  rings  shall  be  exactly  similar  —  that  is,  an  equal 
number  of  series  inductors  in  each  path,  giving  equal 
total  e.m.f.'s  and  equal  resistances.  In  this  way  only  will 
the  total  armature  amperes  be  divided  equally  between  the 


Fig.  231.  The  armature  of  the  preceding  figures  properly  tapped  for 
a  four-pole  field.  It  is  now  at  the  position  of  maximum  voltage 
between  the  rings. 

paths,  so  that  every  inductor  carries  equal  current  and  is 
equally  heated,  and  the  total  volts  and  amperes  are  the 
greatest  possible  to  be  obtained  from  the  winding.  Thus, 
Fig.  231  is  a  single-phase  ring  wmding  tapped  properly  for 
four  poles,  pictured  in  the  position  where  the  instantaneous 
e.m.f.  has  its  maximum  value,  in  what  we  may  choose  to 
call  the  positive  direction  for  the  various  circuits.  Fig.  232 
shows  the  same  winding  at  an  instant  one-quarter  period 
later  (note  that  this  corresponds  to  one-eighth  revolution 
in  a  four-pole  alternator),  when  the  e.m.f.  between  rings  is 
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zero.    Fig.  233  shows  the  winding  again  at  an  instant  one- 
half  period  later  than  Fig.  231,  or  when  the  e.m.f.  between 


FiQ.  232.    The  armature  90  electrical  degrees  ahead  of  its  position  in 

Fig..  231.    The  e.m.f.  here  is  zero. 


MO.Ajnp«raC 


Fig.  233.    The  armature  90  electrical  degrees  ahead  of  its  position  in 
Fig.  232  and  180  electrical  degrees  ahead  of  its  position  in  Fig.  231. 
The  e.m.f.  between  rings  is  again  a  maximum  but  in  the  opposite* 
direction. 

rings  has  its  maximum  value  in  the  opposite  or  negative 
direction.    If  the  rings  are  connected  to  a  load,  and  the 
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entire  circuit  is  non-inductive,  then  the  current  in  every 
inductor  will  be  in  phase  with  the  total  induced  e.m.f.,  and 
the  arrows  in  Fig.  231  will  represent  the  direction  of  cur- 
rents as  well  as  e.m.f.'s  in  every  path  or  part  of  the  circuit. 
These  pictures  show  the  manner  in  which  a  current  whose 
instantaneous  value  is  100  amperes  in  the  external  circuit 
would  divide  under  these  conditions.  If  taps  b  had  not 
been  located  exactly  midway  between  taps  a,  the  result 
would  have  been  that  two  of  the  four  parallel  paths  through 
the  armature  would  have  been  shorter  and  of  lower  impedance 
than  the  other  two,  and  the  current  and  heating  in  the  short 
paths  would  have  been  excessive,  for  the  same  (rated  full 
load)  amperes  output  from  the  collecting-rings.  The  volts 
also  between  rings  would  have  been  reduced,  and  both  of 
these  defects  would  cut  down  the  power  which  could  be  de- 
livered from  the  generator  without  injuring  it. 

From  the  foregoing,  a  general  rule  might  be  deduced,  to 
tap  any  multipolar  winding  for  two  rings. 

Holding  the  rotor  stationary  in  any  position,  attach  one  of  the 
two  rings  to  all  points  on  the  winding  situated  directly  under  the 
middle  of  North  poles,  and  attach  the  other  ring  to  all  points 
situated  in  corresponding  positions,  directly  under  the  middle 
of  all  South  poles. 

Thus,  in  an  eight-pole  two-ring  closed  winding,  each  ring 
would  be  tapped  to  four  equidistant  points  of  the  winding, 
the  taps  from  one  ring  being  midway  between  the  taps  from 
the  other  ring. 

Winding  schemes  for  single-phase  alternators  are  explained 
in  Chapter  IX. 

Prob.  86-6.  (a)  Draw  a  single-phase  ring-wound  armature  in 
a  six-pole  field. 

(6)  If  the  armature  has  altogether  24  inductors,  how  many  in- 
ductors are  there  in  series  in  each  of  the  parallel  paths? 

(c)  If  this  machine  is  rated  to  deliver  120  amperes  at  120  volts, 
what  is  the  total  effective  volts  generated  in  each  path,  and  the 
amperes  delivered  by  each  path? 


ALTERNATING-CURRENT  GENERATORS  321 

Prob.  37-6.  The  armature  of  a  two-pole  single-phase  alternator 
has  been  burned  out,  and  to  resume  operation  again  as  quickly  as 
possible,'someone  proposes  to  insert  another  spare  two-ring  arma- 
ture that  happens  to  be  available  of  the  same  dimensions  and  rated 
voltage  and  amperes  capacity.  This  armature,  however,  was  wotmd 
and  tapped  for  a  four-ix)le  field. 

(a)  Draw  sketches  to  show  the  new  armature  in  positions  of 
maximum  and  zero  total  instantaneous  e.m.f .  in  the  two-pole  field, 
and  explain  whether  or  not  it  will  operate,  and  why. 

(6)  If  you  decide  that  it  will  not  operate,  how  would  you  change 
it  to  make  it  operate? 

Prob.  8S-6.  One  of  the  taps  between  the  winding  and  one  ring 
of  a  single-phase  four-pole  alternator  with  a  closed  winding,  having 
been  insecurely  attached  originally,  becomes  disconnected. 

(a)  By  what  percentage  is  the  current  in  each  path  thereby  made 
greater  or  less  than  it  should  be,  when  the  alternator  is  delivering 
its  rated  full-load  current  to  the  external  circuit? 

(b)  On  account  of  this  mishap,  what  is  the  greatest  percentage 
increase,  and  the  greatest  percentage  decrease,  in  the  watts  heat 
loss  in  any  armature  conductor,  at  rated  full-load  amperes  output? 

Note.  To  obtain  percentage  values,  as  in  the  above  problem,  the 
exact  value  of  total  volts  or  amperes  delivered  by  the  armature,  or  of 
resistance  or  impedance  per  inductor  in  the  armature  winding,  are  im- 
material because  they  cancel  out  in  the  computation.  Any  voltage  or 
any  current  or  any  resistance  per  conductor  may  be  assumed,  provided 
only  that  these  values  are  adhered  to  throughout  the  calculations.  The 
effects  of  armature  reaction  are  neglected  in  this  problem. 

Prob.  39-6.  What  is  the  greatest  percentage  of  rated  full-load 
current  output  that  could  be  delivered  from  the  alternator  in 
Problem  38-6  without  heating  the  entire  armature  at  a  total  rate 
exceeding  that  permitted  at  rated  full  load? 

Prob.  4(>-6.  If  no  single  inductor  may  be  permitted,  without 
danger,  to  develop  heat  at  a  wattage  rate  greater  than  it  does  at 
rated  full  load  with  the  machine  in  good  working  order,  by  what 
percentage  must  the  full-load  output  be  reduced  on  account  of  the 
breaking  of  the  tap  in  Problem  38-6? 


SUMMARY  OF  CHAPTER  VI 

AN  ELECTROMOTIVE  FORCE  is  generated  whenever  there 
is  relative  motion  between  a  conductor  and  a  magnetic  field  so 
that  one  cuts  the  other. 

IN  A  DIRECT-CURRENT  GENERATOR  it  is  always  the 
conductors  (forming  the  armature)  which  move. 

IN  AN  ALTERNATOR  either  the  conductors  or  the  field 
may  move,  although  usually  it  is  the  field.  THUS  REVOLVING- 
FIELD  alternators  are  the  more  conmion,  the  field  coils  being 
excited  by  a  direct  current  from  an  outside  source. 

THE  INSTANTANEOUS  E.M.F.  in  any  conductor  may  be 
found  from  the  following  equation: 

BJV 
e  = 


io« 


where 


e  =  e.m.f  •  at  any  instant. 

B  =  density  of  flux  in  which  the  conductor  lies  at  that 
instant. 

I  =  cutting  length  of  the  conductor. 
V  =  relative  speed  of  field  and  conductor  at  given  instant. 

B,  I  and  V  must  all  have  same  LENGTH  units. 

THE  ARMATURE  WINDING  of  a  closed-circuit  alternator 
is  exactly  the  same  as  that  of  a  closed-circuit  direct-current 
generator,  and  an  alternating  e.m.f.  is  induced  in  both. 

THE  COMMUTATOR  serves  as  a  reversing  switch  for  the 
direct-current  generator  and  rectifies  the  voltage  delivered  to 
the  terminals. 

THE  COLLECTING-RINGS  are  used  in  a  single-phase  alter- 
nating-current generator,  in  the  place  of  the  commutator.  Taps 
are  brought  to  these  rings  in  such  a  manner  that  the  greatest 
possible  e.m.f.  exists  across  them. 

ONE  RING  IS  ATTACHED  to  all  points  situated  directly 
under  the  middle  of  all  North  poles;  the  other  is  attached  to  all 
points  situated  under  the  middle  of  all  South  poles  at  the  same 
instant.  Any  other  method  of  tapping  the  armature  winding  and 
attaching  it  to  the  collecting-rings  results  in  a  lower  e.m.f.  and 
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unbalanced  currents  in  the  armature  windings;  hence  a  smaller 
output. 

THE  OUTPUT  OF  A  GENERATOR  is  limited  by  the  maxi- 
mum heating  of  any  single  armature  conductor. 

BOTH  COMMUTATOR  AND  COLLECTING-RINGS  may 
be  attached  to  the  same  armature  winding.  Thus  the  same 
machine  may  supply  both  alternating  and  direct  currents  at  the 
same  time,  as  a  double-current  generator.  Or  it  may  receive 
alternating-current  power  at  the  collecting-rings  to  drive  it  as 
a  motor,  and  deliver  direct  current  from  the  commutator  as  a 
generator,  or  vice  versa.  In  this  case  it  is  called  a  synchronous 
converter. 


PROBLEMS   ON   CHAPTER  VI 

Prob.  41-6.  Draw  a  curve  to  rectangular  coordinates,  to  illus- 
trate the  distribution  of  useful  flux  around  the  armature  in  Problem 
15-6.  As  abscissas  use  the  position  of  some  point  on  the  moving 
armature,  measured  in  inches  of  its  path  moved  through  after  pass- 
ing the  neutral  point;  the  corresponding  ordinate  will  be  the  field 
intensity  of  the  useful  flux  entering  the  armature  at  this  point,  or 
B  as  obtained  from  the  equation.  Plot  entering  flux  upward  from 
the  zero  of  B,  and  emerging  flux  downward,  and  make  the  curve 
cover  an  entire  revolution  of  the  armature.  Calculate  also  the  total 
useful  flux  per  pole  of  this  machine,  as  determined  from  the  area  of 
this  curve,  or  its  length  and  average  height.  Compare  this  value 
with  the  total  flux  per  pole  in  Problem  13-6. 

Prob.  42-6.  The  armature  of  Fig.  215  produces  through  an 
external  short-circuit  between  the  rings  a  sine  wave  of  current  whose 
effective  value  is  100  amperes.  If  the  inductive  reactance  of  the 
armature  is  five  times  as  great  as  its  resistance,  redraw  Fig.  215, 
216,  217  and  218,  showing  the  direction  and  value  of  the  current  in 
each  inductor  for  these  positions  of  ihe  armature  when  operating 
under  these  conditions. 

Prob.  48-6.  The  armature  of  Fig.  215  has  a  total  induced  e.m.f . 
of  230  volts  between  rings  and  delivers  current  to  a  circuit  whose 
total  resistance,  including  the  whole  armature,  Ls  4  ohms  and  total 
inductive  reactance  3  olims.    Calculate: 

(a)  The  efiFective  amperes  delivered  from  the  rings. 

(6)  The  effective  amperes  delivered  by  each  path. 

(c)  The  instantaneous  amperes  in  each  of  the  inductors  on  the 
armature  in  the  position  pictured  in  Fig.  215. 

Prob.  44-6.  If  we  decrease  the  flux  per  pole  by  30  per  cent  with- 
out altering  the  frequency,  in  an  alternator  which  before  the  change 
was  delivering  220  volts  at  the  terminals,  what  voltage  do  we  get? 
Zero  load. 

Prob.  45-6.  If  we  reduce  the  frequency  of  a  60-cycle  alternator 
to  25  cycles  without  altering  the  field  excitation,  by  what  percentage 
is  its  terminal  voltage  (at  zero  load)  increased  or  diminished? 

Prob.  46-6.  If  we  increase  the  frequency  of  a  25-cycle  alter- 
nator to  60  cycles  and  desire  to  keep  the  same  terminal  voltage, 

324 


ALTERNATING-CURRENT  GENERATORS  325 

by  what  percentage  must  we  increase  or  diminish  the  total  flux 
per  pole? 

Prob.  47-6.  Solve  Problem  27-6  on  the  supposition  that  the 
builder,  in  attempting  to  tap  the  rings  properly  as  in  Fig.  215,  or  to 
inductors  1  and  13,  made  a  slight  mistake  of  one  inductor,  and  got 
the  rings  tapped  to  inductors  1  and  12. 

Prob.  4S-6.  Solve  Problem  28--6  for  the  conditions  stated  in 
Problem  47-6. 

Prob.  4^6.  Solve  Problem  29-6  for  the  conditions  stated  in 
Problem  47-6. 

Prob.  60-6.  Solve  Problem  3Q-6  for  the  conditions  stated  in 
Problem  47-6. 

Prob.  51-6.  Would  there  be  any  objection  to  using  a  ring-wound 
armature  tapped  for  two  poles,  in  a  four-pole  field,  provided  it 
were  mechanically  suited  to  the  new  location? 

Prob.  62-6.  If  the  armature  of  a  two-pole  alternator  had  burned 
out  and  a  spare  armature  of  exactly  the  same  dimensions  and  rated 
voltage  for  a  similar  four-pole  alternator  were  available,  could  it  be 
used  or  not?    Explain. 

Prob.  6S-6.  A  four-pole  single-phase  ring-wound  alternator  has 
the  same  number  of  uniformly-spaced  inductors  as  a  certain  other 
single-phase  ring-wound  alternator  having  two  poles.  How  must 
the  amount  of  flux  per  pole  compare  in  these  two  machines,  in 
order  that  they  may  both  give  the  same  e.m.f.  between  rings,  at 
same  speed  at  zero  load? 

Prob.  64-6.  If  all  dimensions  of  the  armature  are  the  same  in 
both  of  the  alternators  of  Problem  53-6,  how  do  their  armature 
resistances  compare  (as  measured  between  rings)?  Allowing  the 
same  total  watts  PR  loss  for  the  entire  armature  in  both  cases,  what 
18  the  ratio  between  the  permissible  amperes  output  from  the  rings 
in  these  two  machines? 

Prob.  66-6.  If  the  two  alternators  of  Problem  53-6  were  oper- 
ated with  the  same  flux  per  pole,  how  would  their  terminal  e.m.f. 's 
compare?  How  would  the  kilowatts  capacity  at  unity  power-factor 
compare,  taking  into  account  also  the  results  of  Problem  54-6  ? 

Prob.  66-6.  (a)  If  the  two  alternators  of  Problem  53-6  were  re- 
quired to  operate  at  the  same  frequency,  how  would  their  speeds 
compare? 

(6)  Having  the  same  number  of  inductors  per  pole,  but  with 
these  relative  si)eeds,  how  should  the  total  flux  per  pole  compare 
when  producing  the  same  terminal  e.m.f.  at  zero  load? 


CHAPTER  VII 
ALTERNATINGK3URRENT  GENERATORS:    POLYPHASE 

Mastert  of  the  principles  set  forth  in  this  chapter  will 
enable  the  student  to  understand  the  actions  and  relations 
in  any  network  or  system  of  interconnected  alternating- 
current  circuits.  It  should  be  understood,  however,  that 
most  of  the  demonstrations  given  refer  to  a  distributed 
ring  winding  only.  The  ring  winding  enables  us  to  under- 
stand quite  easily  what  is  meant  by  a  polyphase  alternator. 
Usually  polyphase  alternator  windings  are  of  the  open- 
circuit  drum  type,  as  will  appear  in  Chapter  IX,  but  the 
ring  winding  enables  us  to  work  with  the  polyphase  idea 
more  directly.  Moreover,  the  polyphase  ring  winding  illus- 
trates very  closely  a  polyphase  synchronous  converter 
winding. 

74.  Two-phase  Alternator:  Meaning  of  Lead  and  Lag. 
Consider  the  same  two-pole  ring-wound  armatiure  pictiu^ed 
in  Fig.  215,  having  altogether  24  inductors,  or  24  coils,  each 
containing  as  many  inductors  as  may  be  necessary  to  deliver 
the  required  e.m.f .  at  the  rings.  Suppose  four  coUecting-rmgs 
to  be  mounted  upon  the  shaft  instead  of  two,  and  let  one  pair 
of  these  rings  n  be  tapped  to  diametrically  opposite  points 
of  the  winding,  as  ai  and  6i,  Fig.  234.  The  other  pair  of 
rings  r2  will  be  tapped  also  at  diametrically  opposite  points, 
as  02  and  1)2;  but  the  points  02  to  62  will  be  chosen  midway 
between  the  points  ai  to  bi.  From  Fig.  234  it  will  be  seen  that 
the  e.m.f.  ai  to  &i  has  its  maximum  instantaneous  value  at  the 
same  moment  that  the  e.m.f .  02  to  62  has  its  zero  instantaneous 
value.    From  Fig.  235,  representing  conditions  at  an  instant 

one-quarter  period  later,  it  is  seen  that  the  e.m.f .  ai  to  bi  has 
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decreased  to  its  zero  value  while  the  e.m.f.  ot  to  bi  has  in- 
creased to  its  maximum  value.     If  the  variations  of  e.m.f. 


Fio.  23*.  The  armature  b  tapped  at  tour  pointe.  The  voltage  acrosa 
the  poiiita  oi-fh  is  at  a  mft^'niiim  at  this  instant,  while  the  voltage 
acrofls  Ofbt  is  zero.  01-61  and  Ot-tn  thus  have  a  phade  difference 
of  90°. 


Fia.  235.    The  armature  of  Fig.  234  has  turned  through  90  electrical 
degrees  and  now  the  voltage  across  ai-bi  is  zero  while  the  voltage 

aCTDBBOr-bi  IE 


scrosB  both  ri  and  r^  were  observed  for  one  or  more  complete 
cycles,  it  would  be  seen  that  the  form  of  the  e.m.f,  waves  and 
the  majrimuiD  and  effective  values  of  e.m.f.  across  these  two 
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pairs  of  rings  are  equal,  but  that  there  is  a  phase  difference 
of  one-quarter  period,  or  90  electrical  degrees,  between  them. 
If  the  direction  of  e.m.f .  from  the  a  ring  to  the  b  ring  is  chosen 
as  positive  in  both  pairs  (ai  to  61,  and  Oa  to  62),  or  if  the  e.m.f. 
from  b  toward  a  be  chosen  as  positive  in  both  pairs  (&i  to  ai, 
and  &2  to  02),  then  in  either  case  the  e.m.f.  across  n  would  be 
said  to  lead  the  e.m.f.  across  ra  by  90  degrees  (for  direction  of 
rotation  as  shown) ;  because  the  voltage  across  ai  to  61  would 
reach  its  maximum  value  in  the  direction  chosen  as  positive, 
just  one-quarter  period  before  the  voltage  across  os  to  &2  would 
reach  its  maximum  value  in  the  direction  chosen  as  positive. 
But  if  the  positive  direction  across  n  is  chosen  ai  toward  61 
while  the  positive  direction  across  r^  is  chosen  bz  toward  oj, 
then  the  e.m.f .  across  n  would  be  said  to  lag  behind  the  e.m.f. 
across  ra  by  90  degrees;  because  the  former  would  then  reach 
its  maximum  value  in  the  direction  chosen  as  positive,  just 
one-quarter  period  after  the  latter  would  reach  its  maximum 
value  in  the  direction  chosen  as  positive.  It  is  thus  seen 
that  lead  and  lag  are  descriptive  terms  having  a  purely  rela- 
tive and  not  an  absolute  meaning,  when  applied  to  separate 
circuits.  The  same  phase  difference,  say  of  120  degrees,  be- 
tween the  currents  in  circuit  A  and  in  circuit  B,  may  be 
described  accurately  either  as  I  a  leading  Ib  by  120  degrees, 
or  as  I A  lagging  behind  Ib  by  60  degrees,  depending  upon 
which  direction  through  each  of  the  two  circuits  is  chosen  to 
be  called  the  positive  direction.  When  we  are  dealing  with 
e.m.f.'s  or  currents,  or  current  and  e.m.f.,  in  one  and  the  same 
circuit,  however,  the  terms  lead  and  lag  have  very  definite 
meanings  not  dependent  upon  the  actual  direction  chosen  as 
positive,  because  the  chosen  positive  direction  refers  to  every- 
thing that  goes  on  in  the  same  circuit.  Thus,  when  one  e.m.f. 
reaches  its  maximum  positive  value  one-quarter  period  before 
another  e.m.f.  acting  in  the  same  circuit  reaches  its  maximmn 
positive  value,  the  first  e.m.f.  without  doubt  leads  the  second 
e.m.f.,  no  matter  which  direction  through  the  circuit  is  chosen 
as  positive.    The  first  thing  to  be  done,  therefore,  in  solving 
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problems  with  any  combination  of  different  circuits  in  which 
the  e.m.f .'s  or  cm*rents  are  not  in  phase,  is  to  choose,  for  each 
circuity  one  direction  which  is  to  be  called  positive.  Only 
then  may  vector  diagrams  be  drawn  to  have  any  definite 
and  certain  meaning. 

76.  Closed-circuit  Two-phase  Systems  must  have  Four 
Line  Wires,  The  two-wire  or  single-phase  circuit  con- 
nected across  rings  n  in  Fig.  234,  we  shall  call  Phase  1;  the 
other  single-phase  circuit  connected  across  rings  rs,  we  call 
Phase  2;  these  two  circuits  considered  together  are  called 
a  two-phase  (four-wire)  circuit  It  has  been  explained  in 
Chapter  III  how  in  some  two-phase  circuits  the  number  of 
wires  is  reduced  to  three  by  combining  two  of  the  four  wires 
into  one.  To  do  this  in  Fig.  234  would  be  equivalent  to 
connecting  a  short-circuit  externally  between  tap  ai  and 
either  62  or  02,  or  between  tap  fei  and  either  62  or  oj.  In  any  X 
case,  a  section  of  the  armature  winding,  generating  a  very 
considerable  effective  e.m.f.,  would  be  short-circuited  and 
burned  out.  It  is,  for  this  reason,  impossible  to  distribute 
two  phases  from  a  closed  type  armature  winding  by  means 
of  three  wires.  This  limitation  does  not  affect  most  alterna- 
tors, because  they  usually  have  open  windings,  but  it  does 
prevent  a  synchronous  converter  from  being  connected  to 
any  three-wire  two-phase  system,  except  through  transform- 
ers (see  Second  Course,  Chapter  IX). 

76.  Four-phase  Alternators.  The  closed  winding  tapped 
at  four  electrically  equidistant  points  to  four  collecting-rings, 
as  in  Fig.  234,  may  be  considered  also  as  a  four-phase  alter- 
nator. According  to  the  ordinary  definition,  a  two-phase 
circuit  is  any  combination  of  wires  from  which  two  similar 
e.m.f.'s  of  equal  value  and  90  electrical  degrees  phase  dif- 
ference may  be  obtained.  Such  circuits  usually  have  four 
distributing  wires,  but  may  sometimes  have  only  three.  No 
other  phase  relation,  even  between  similar  e.m.f. 's  of  equal 
value,  would  permit  the  combination  to  be  called  a  two- 
phase  circuit,  in  accordance  with  usual  custom.    The  two- 
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phase  generator  is  often  called  a  '^ quarter-phase"  generator, 
because  the  e.m.f.'s  in  the  two  single-phase  circuits  which 
may  be  connected  to  it  have  one-quarter  period,  or  90  elec- 
trical degrees,  phase  difference. 

In  the  ordinary  quarter-phase  alternator  with  open  wind- 
ing, the  connection  between  the  two  phases  is  merely  mechan- 
ical and  magnetic,  and  not  usually  electrical  unless  they  are 
connected  somewhere  to  a  three-wire  distributing  system. 
That  is,  if  you  were  to  test  out  the  four  terminals  of  the 
quarter-phase  armature  winding  with  a  voltmeter,  you  would 
be  able  to  find  only  two  combinations  of  two  wires  which 
would  deflect  a  voltmeter.  These  would  be  separate  pairs 
with  no  electrical  connection  between  them  and  each  pair 
would  be  one  of  the  phases.  But  in  Fig.  235  you  may 
obtain  four  additional  combinations  or  pairs  of  terminals 
which  would  deflect  a  voltmeter,  namely  ai  to  02,  02  to  &i,  bi 
to  &2,  and  ^2  to  ai.  A  separate  two-wire  or  single-phase  cir- 
cuit could  be  connected  to  each  of  these  pairs  of  terminals, 
and  current  could  be  taken  from  all  at  once,  or  from  any  one 
pair  or  combination  of  pairs.  If  positive  directions  in  these 
various  circuits  be  chosen  as  ai  to  02,  02  to  &i,  hi  to  h^,  and  &> 
to  ai  (that  is,  in  uniform  or  continuous  rotation  around  the 
closed  mesh  or  ring),  then  the  e.m.f.  ai  to  02  leads  the  e.m.f. 
02  to  61  by  90  electrical  degrees  or  one-quarter  period;  02  to  &i 
leads  fci  to  &2  by  90  degrees;  fei  to  62  leads  62  to  ai  by  90  de- 
grees; and  62  to  fli  leads  ai  to  02  by  90  degrees.  Although 
the  four  circuits  are  all  alike  as  far  as  the  voltmeter  readings 
show,  each  differs  in  phase  from  the  next  adjacent  by  the 
same  amount,  or  90  degrees,  hence  they  are  said  to  form  a 
four-phase  circuit  when  considered  all  together. 

The  four  terminals  of  a  two-phase  machine  with  closed 
winding  therefore  form  a  four-phase  as  well  as  a  two-phase 
circuit.  The  difference  between  the  two-phase  and  the 
four-phase  from  the  same  machine  is  very  real  as  far  as  con- 
cerns the  value  of  the  voltage,  because  a  voltmeter  connected 
across  any  single  phase  (as  0102)  of  the  four-phase  combi- 
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nation  would  show  a  very  different  reading  from  that  ob- 
tained when  it  is  connected  across  either  single  phase  (as 
ai6i)  of  the  two-phase  combination.  In  fact,  it  may  be  seen 
from  the  way  the  groups  or  circuits  which  generate  these 
e.m.f.'s  in  the  armature  winding  are  made  up  in  Fig.  235, 
that  the  e.m.f.  (ai&i)  of  one  of  the  two-phase  circuits  is  at 
every  instant  equal  to  the  resultant  of  the  e.m.f.'s  of  two 
(aids  and  Oa&i)  of  the  four-phase  circuits.  This  is  equivalent 
to  saying  that  the  effective  voltage  (ai  to  61)  is  equal  to  the 
vector  sum  of  the  effective  voltages  (ai  to  02)  and  (oj  to  61) 
when  the  positive  directions  are  chosen  so  as  to  coincide. 

77.  Relation  between  Two-phase  and  Four-phase 
E.M.F.'s«  To  get  the  numerical  relation  between  two-phase 
and  four-phase  voltages  in  Fig.  235,  we  begin  by  deciding 
what  shall  be  considered  the  positive  direction  of  e.m.f.  in 
every  part  of  the  armature  winding.  As  before,  let  us  assume 
that  a  current  is  flowing  in  the  positive  direction  in  the  wind- 
ing when  it  passes  from  one  inductor  towards  the  next  one 
counted  in  a  coimter-clockwise  direction  around  the  closed 
circuit  of  the  armature.  That  is,  ai  to  02,  Oa  to  61,  61  to  62, 
62  to  Gi,  An  e.m.f.  is  positive  when  it  tends  to  produce  a 
positive  current.  This  is  equivalent  to  saying  that  the  e.m.f. 
in  any  coil  or  division  of  the  armature  winding  is  positive 
while  that  coil  is  rotating  in  a  clockwise  direction  under  a 
North  pole,  with  the  armature  woimd  as  in  Fig.  235.  In  a 
ring  winding,  any  one  coil  attains  the  maximum  instanta- 
neous value  of  e.m.f.  at  the  moment  the  middle  of  the  coil 
passes  through  the  point  where  the  useful  flux  is  most  dense 
— in  this  case,  under  the  middle  of  a  pole.  Now,  with  clock- 
wise rotation,  as  in  Fig.  235,  the  middle  of  coil  0261  passes 
under  the  middle  of  iV-pole  just  one-quarter  revolution  (cor- 
responding to  one-quarter  period,  or  90  degrees  in  a  two-pole 
machine)  after  the  middle  of  coil  aia%  passes  under  the  middle 
of  the  same  iV-pole.  The  middle  of  coil  6162  passes  the  middle 
of  the  iV-pole  just  one-quarter  period  after  middle  of  coil  0261 
passes  middle  of  same  iV-pole  and  so  on,  as  the  armature  con- 
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tinues  to  turn.  This  is  equivalent  again  to  saying  that  the 
e.m.f.  02  to  &1  lags  90  degrees  behind  e.m.f.  ai  to  (h;  e.m.f.  &i 
to  &2  Iftgs  90  degrees  behind  e.m.f.  Os  to  6i;  e.m.f.  bs  to  ai  lags 
90  degrees  behind  e.m.f.  bi  tob^;  and  e.m.f.  ai  to  02  lags  90 
degrees  behind  e.m.f.  &2  to  ai. 


Fig.  236.  Note  in  Fig.  234  that 
the  voltage  &i-&2  leads  the  volt- 
age ftj-^i  by  90^  The  resultant 
61-ai  is,  therefore,  the  vector 
sum  of  these  two  since  they 
are  in  series. 


aitoUj 


Fig.  237.  The  voltage  across 
btai  leads  the  voltage  across 
ai02  by  90®.  The  resultant 
voltage  across  the  two  is  Ms. 


Oitoag 


Fio.  238.     The  voltage  across 

0161  leads  the  voltage  across 

6i&»   by   90*.     The   resultant 

voltage  of  the  two  in  series 

is  ai&2' 


Fig.  239.  The  volta^  '  across 
aids  of  Fig.  234  leads  the 
voltage  across  ajh  by ''  90"^. 
The  resultant  voltage  of  these 
two  in  series  is  aA. 


.78.  Vector  Diagram  for  E.M.F.  Relations  in  a  Four- 
phase  Alternator.  The  vector  diagrams  to  show  these 
relations  are  as  given  in  Fig.  236,  in  which  the  same  length 
of  vector  is  chosen  to  represent  the  effective  value  of  voltage 
across  any  one  of  the  four  phases.  The  vectors  are  all  con- 
sidered to  be  rotating  counter  clockwise  as  usual,  at  the  rate 
of  one  complete  revolution  per  cycle.  Fig.  236  shows  the 
relations  between  (bi  to  bi)  and  {bi  to  ai)  and  their  resultant 
(since  they  are  in  series),  which  is  (61  to  Oi);  Fig.  237  shows 
the  relations  between  ({>2  to  ai)  and  (ai  to  Os)  and  their  re- 
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sultant  in  series,  which  is  (62  to  Oj);  Fig.  238  shows  the  rela- 
tions between  (61  to  62)  and  (02  to  61)  and  theb  resultant  in 
series,  which  is  {oi  to  62) ;  Fig.  239  shows  the  relations  between 
(os  to  61)  and  (ai  to  02)  and  their  resultant  in  series,  which  is 
(ai  to  61).  Fig.  240  combines  all  of  these  preceding  vector 
diagrams,  and  shows  the  rela- 
tionship, both  as  to  phase  and 
value,  between  all  the  various 
e.m.f.'s  which  it  is  possible  to 
measure  on  this  four-ring  al- 
ternator. All  the  e.m.f.'s  are 
drawn  to  the  same  scale.  In 
this  assembly  diagram  it  is 
easily  seen  that  the  e.m.f.'s 
(61  to  &2)  and  (ai  to  02)  are  of 
equal  effective  value  but  oppo- 
site phase;  and  e.m.f.'s  (&2  to 
ai)  and  (02  to  bi)  are  of  equal 
value  but  opposite  phase.  Also, 
we  see  that  e.m.f.  (62  to  02)  is 
equal  ^d  opposite  to  e.m.f. 
iOi  to  bi)t  which  is,  of  course,  true  because  these  two  e.m.f.'s 
are  taken  between  exactly  the  same  points,  the  difference 
being  only  in  the  direction  which  is  chosen  to  be  positive. 
That  is,  the  e.m.f.  (oi  through  a^  to  bi)  is  of  the  same  value 
and  phase  as  the  e.m.f.  (ai  through  62  to  &i);  and  of  the  same 
value  but  opposite  phase  to  the  e.m.f.  (61  through  62  to  Oi). 

Reversing  the  direction  called  positive  in  any  circuit 
changes  all  the  phase  relations  between  it  and  any  other  cir- 
cuit by  just  180  degrees,  or  reverses  the  vector  representing 
the  e.m.f.'s  and  currents  of  that  phase  in  any  diagram,  just 
as  though  we  had  reversed  the  connections  while  keeping  the 
positive  direction  fixed. 

Notice  also,  in  Fig.  240,  that  the  effective  e.m.f.  per  phase 
of  the  two-phase  circuit  is  represented  by  the  diagonal  of  a 
square  and  is  equal  to  V2  (or  1.414)  times  the  effective  e.m.f. 


FiQ.  240.  The  vector  diagram 
combiniAg  the  vector  diagrams 
of  Fig.  23d-239.  This  diagram 
shows  the  voltage  across  the  dif- 
ferent parts  of  the  armature  in 
their  true  values  and  phase  re- 
lations to  one  another. 
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per  phase  of  the  four-phase  circuit.  This  diagram  would 
represent  conditions  just  as  truly  for  a  four-ring  machine 
of  any  number  of  poles,  if  it  were  tapped  s^onmetrically. 
Drawing  a  vector  diagram  to  represent  these  relations,  of 
course,  presumes  that  the  e.m.f/s  in  all  phases  are  sine 
waves,  which  is  practically  true  in  most  machines,  but  may 
not  be  strictly  so.  Any  scale  of  voltages  may  be  used,  de- 
pending upon  the  particular  values  of  speed,  useful  flux  per 
pole,  and  number  of  inductors  per  pole,  used  in  the  particular 
machine  to  which  the  diagram  refers. 

79.  The  Currents  in  the  Coils  of  a  Two-phase  Generator. 
Balanced  Load.  By  similar  vector  diagrams  we  may  find 
the  relation  between  the  amperes  in  each  line  wire  and  the 
amperes  in  each  armature  coil.  The  amperes  delivered  from 
rings  n  are  drawn  equally  from  the  two  parallel  paths  aiojbi 
and  aibjti.  The  amperes  delivered  from  rings  r^  are  drawn 
equally  from  the  two  parallel  paths  026162  and  020162.  The 
e.m.f.'s  in  one  of  these  phases  (or  pair  of  paths),  through  the 
winding,  are  90  degrees  out  of  phase  with  the  e.m.f.'s  in  the 
other  phase  (or  pair  of  paths).  If  the  currents  in  the  two 
phases  have  identical  phase  relation  to  the  corresponding 
e.m.f.'s  which  produce  them,  or  have  equal  power-factors, 
then  the  current  in  paths  O26162  and  020162  lags  behind  the 
e.m.f.  across  rings  r^,  by  the  same  amount  that  the  current 
in  paths  010261  and  016261  lags  behind  the  e.m.f .  across  rings  n. 
That  is,  the  phase  diflference  between  the  currents  in  path 
01O261  or  path  O16261,  and  the  currents  in  path  O26162  or  path 
O2O162,  is  90  degrees,  because  the  phase  diflference  between 
the  e.m.f.  across  rings  n  and  the  e.m.f.  across  rings  r^  is  90 
degrees,  and  each  current  lags  the  same  amount  behind  its 
e.m.f.  Now  any  single  coil  in  the  armature  is  common  to  two 
paths;  for  instance,  the  coil  O1O2  is  conmion  to  path  O1O261 
and  path  O2O162.  And  since  the  currents  in  these  two  paths 
are  90  degrees  out  of  phase,  it  follows  that  the  current  in  coil 
0102  is  actually  the  vector  resultant  or  sum  of  two  currents 
differing  in  phase  by  90  degrees,  each  current  being  equal  in 
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value  to  one-half  of  the  amperes  delivered  to  one  of  the  phases, 
or  to  one-half  of  the  current  delivered  from  one  of  the  rings. 
Thus,  to  take  a  concrete  example,  suppose  the  alternator 
illustrated  in  Fig.  240a,  which  is  merely  Fig.  234  repeated  for 
convenience,  is  operating  two-phase,  and  delivering  100  am- 
peres from  rings  ri  to  Phase  1  and  100  amperes  from  rings  rj 
to  Phase  2,  both  phases  having  equal  terminal  pressure  of  say 
230  volts,  and  equal  power-factors.  The  100  amperes  from 
taps  ai  and  bi  to  Phase  1  are  made  up  of  50  amperes  from 


Fio.  240a.  The  coil  Ui<ii  is  in  oae  path  which  carriea  half  the  current 
of  phase  1  aad  is  also  in  one  path  which  carries  half  the  curreot  or 
phase  2.  The  coil  uio,  thus  cmrtes  two  compoaent  cuireDts  which 
have  a  phase  difference  of  90°  with  each  other. 

path  aiOafi]  and  50  amperes  from  path  aib^i,  these  two  paths 
beii^  in  parallel  with  respect  to  rings  ri,  and  having  equal 
e.m.f.'s  and  equal  impedances.  Similarly,  the  100  amperes 
from  taps  a^  and  bj  to  Phase  2  is  made  up  of  50  amperes  from 
path  ajfrift,  and  50  amperes  from  path  otaibi-  Hence  the 
total  current  Bowing  in  coil  aiot  which  is  part  of  both  paths  is 
made  up  of  two  currents,  each  having  the  same  value  of  50 
amperes  but  a  phase  difference  of  90  degrees  between  them; 
the  value  of  this  total  current  is  therefore  v'(50)'  +  (50)*  = 
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70.7  amperes,  as  indicated  in  Fig.  241.  Note  that  70.7  =  i 
of  100  times  V^.  If  /  =  current  in  main  line,  and  I  a  = 
laihi  .-- -M^^^^  current  in  each  coil  of  the  arma- 
ture winding,  then 

\/27        / 


Ia  = 


=  0.707  7. 


iBih. 


laiOs 


2         V2 
80.  Currents  in  Each  Coil  for 

Fig.  241.    The  curreDt  in  the  Unbalanced  Loads.    If  the  two 
section  Old,  is  made  up  of  phases  had  been  unbalanced  but 

half  the  current  delivered      .  -  *    ^       xi.     •   ^         i 

to  phase  1,  laA,  and  half  ^^  ^^^  power-factor,  the  mtemal 
the  current  deUvered  to  conditions  withm  certain  ones  of 
phase  2,  laJh.  These  two  the  armature  coils  would  have  been 
parte  have  a  phase  differ-  as  shown  in  Fig.  242,  where  it  is 
ence  of  90**.  assumed,  for  example,  that  Phase 

1  of  Fig.  240a  delivers  160  amperes  while  Phase  2  delivers 
40  amperes.  The  current  in  any  coil 
or  conductor  of  the  armature  is  here 
seen  to  be  equal  to  VsO^  +  20^  =  82.5 
amperes.  If  the  voltages  of  the  two 
phases  were  to  remain  equal  after  the 
load  is  unbalanced,  it  is  evident  that  the 
total  volt-amperes  and  total  watts  out- 
put from  the  generator  to  both  phases 
would  be  the  same  when  one  phase  was 
delivering  160  amperes  and  the  other  40 
amperes  as  when  they  were  both  deliver- 
ing 100  amperes.  Yet  the  current  in  ^Q-  242.  The  vector 
certain  armature  conductors  and  coils  ^»«~°^  ^^^  ^^^  cur- 
is  increased  in  the  ratio  82.5/70.7  by 
reason  of  the  imbalancing  of  the  load. 
Since  the  resistance  of  every  conductor 
or  coil  is  practically  constant,  the  rate  at 
which  heat  is  developed  in  these  conduc- 
tors is  increased  in  the  ratio 

R  X  82.5^      6800      1.36 


rent  in  coil  aids  if 
phase  1  were  carrying 
four  times  the  cur- 
rent of  phase  2.  laibi 
is  the  current  in 
phase  1  and  IoJh  the 
current  in  phase  2. 


R  X  70.7^'      5000      1.00  ' 
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The  interpretation  of  this  result  is,  that  if  the  total  load  of 
a  two-phase  alternator  with  closed  winding  is  maintained 
constant  but  the  phases  are  unbalanced  in  the  ratio  4: 1, 
the  rate  of  heat  development  in  some  of  the  armature  con- 
ductors is  increased  36  per  cent  beyond  what  it  should  be 
with  balanced  load.  This  would  bum  out  some  parts  of  the 
armature  winding  if  the  machine  were  operated  at  a  total 
load  equal  to  its  rated  full  load.  The  calculation  would  be 
altered  slightly  when  applied  to  any  specific  actual  machine, 
because  of  the  fact  that  the  voltages  of  the  phases  are  not 
equal  on  unbalanced  load.  If  this  unbalancing  were  carried 
to  the  limit,  so  that  rated  full  load  for  the  whole  generator 
were  carried  on  one  phase  only,  and  no  current  whatever  on 
the  other  phase,  the  two-phase  alternator  would  in  reality  be 
a  single-phase  machine.  In  this  particular  case,  200  amperes 
would  be  drawn  from  ai&i,  and  nothing  from  ajb2,  and  the 
current  in  all  conductors  in  each  path  aiO^i  and  ai&sbi,  and 
therefore  in  the  whole  armature,  would  be  100  amperes.  The 
rate  of  heating  in  every  armature  conductor  would  there- 
fore be  increased  above  what  it  should  be,  in  the  ratio 
100^/70.7*  =  2.0/1.0.  The  whole  armature  would  be  heated 
twice  as  rapidly  as  it  should  be  if  the  same  load  were  divided 
equally  between  the  two  phases  instead  of  being  all  concen- 
trated on  one  phase. 

If  it  is  desired  to  operate  this  two-phase  alternator  as  a 
single-phase  alternator,  the  total  output  must  be  reduced 
below  the  rated  full-load  for  two  phases,  but  it  may  be  larger 
than  half  of  the  rated  two-phase  load.  We  have  seen  that 
if  the  rated  two-phase  load  is  100  amperes  on  each  phase, 
each  conductor  is  allowed  to  carry  70.7  amperes  without 
overheating.  Operating  only  one  phase  with  70.7  amperes 
in  each  of  the  two  parallel  paths  (into  which  the  winding  is 
divided  by  the  taps  of  this  phase)  makes  the  largest  allowable 
amperes  output  on  this  single  phase  equal  to  2  X  70.7 
amperes,  or  141.4  amperes.  The  voltage  would  probably  be 
fixed  at  the  same  value  as  before  by  the  requirements  of  the 
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distributmg  system.  Even  if  it  were  not,  it  could  not  be 
increased  much  on  accoimt  of  the  danger  of  overheating  the 
jSeld  windings  and  armature  core.  Hence  the  total  kilowatt 
or  kilovolt-ampere  output  would  be  proportional  to  the  total 
amperes  output  or  would  be  less  than  output  under  rated 
conditions  in  the  ratio  141.4/(100  +  100),  or  70.7  per  cent 
of  rated  (two-phase)  full  load. 

81.  Complete  Current  and  Voltage  Distribution  for  Un- 
balanced Load.  It  is  both  instructive  and  useful  to  see 
what  happens  in  the  entire  armature  when  the  load  on  the 
phases  becomes  unbalanced  —  that  is,  different  either  as  to 
amperes  or  as  to  power-factor.  We  cannot  do  this  from  the 
partial  diagrams  shown  in  Fig.  241  and  242;  these  tell  the 
truth,  only  as  it  relates  to  a  part  of  the  winding.  To  get  the 
entire  truth,  we  must  draw  the  vector  diagram  so  as  to  in- 
clude the  entire  armature,  and  not  merely  a  single  coil.  In 
Fig.  243,  we  have  repeated  the  complete  e.m.f.  diagram  of 
Fig.  240,  as  a  groundwork  upon  which  to  place  the  current 
vectors.  Suppose  that  we  now  consider  the  complete  arma- 
ture of  Fig.  240a  to  be  operating  two-phase  with  balanced 
loads,  the  equal  currents  in  the  two  phases  being  each  in 
phase  with  the  induced  e.m.f.  which  produces  it.  We  lay 
out  a  vector  /i  (the  current  in  Phase  1)  in  phase  with  Ba,6„ 
and  a  vector  I^  of  equal  length  in  the  direction  of  E^„  to 
represent  the  current  in  Phase  2.  Now  one-half  of  I\  and 
one-half  of  1%  combine  vectorially  to  produce  the  current  /«^, 
which  flows  in  the  armature  conductors  between  taps  a^  and 

h\.  We  combine  -^  and  ^  directly,  as  they  were  drawn,  be- 
cause the  positivie  direction  for  Phase  1  (from  ai  through  Os 
to  5i)  coincides,  within  the  coil  0261,  with  the  positive  direc- 
tion for  Phase  2  (from  di  through  61  to  62).  On  account  of 
the  symmetry  of  the  diagram  we  can  see,  merely  by  in- 
spection,  that  this  resultant  current  in  coil  0261  is  equal  to 
y/lh/2Y  +  {h/2Y  =  i  of  v7?T7?,  which  agrees  with  our 
previous  calculation  (see  Fig. -241).    Now  consider  coil  aiOs  in 
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Fig.  240a,  to  which  these  vector  diagrams  all  refer.    The  cur- 
rent laiflt  consists  of  two  components;  one  whose  numerical 

value  is  -^  flowing  from  ai  toward  02,  and  belonging  to  the 

branch  010261  of  Phase  1;  the  other  has  a  numerical  value  of 
^  amperes  but  flows  from  a^  toward  oi,  belonging  to  the 

branch  (wJh  of  Phase  2.    Note  particularly  that  the  positive 


E  bitoai 


Ebttoai 


E  bstooi 


hitobi 


E  ai  to  a. 


Eottob,  Ea,to6i  Eaitoftj 

Fio.  243.  The  outside  square  and  diagonals  represent  the  voltage 
relations  of  Fig.  240a,  and  are  merely  a  copy  of  Fig.  340  on  an 
enlarged  scale.  The  inside  square  and  diagonals  represent  the 
currents  in  various  parts  of  the  armature. 

directions  of  the  two  component  currents  through  this  coil 
are  opposite  each  other.  Moreover,  these  two  currents  differ 
in  time-phase  by  one-quarter  period,  or  90  electrical  degrees. 
With  regard  to  coil  0102  the  problem  is  then  to  find  the  re- 
sultant of  two  currents,  of  ^  and  -^  amperes,  the  positive 

directions  of  which  are  opposite,  and  with  -^  reaching  its 
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maximiiin  value  at  a  moment  90  degrees  after  -^  reaches 

its  maximmn  value  (in  the  opposite  direction).    Fig.  244  is 

a  simple  representation  of  the  currents  -^  and  ~,  showing 

how  they  flow  in  opposite  directions  through  that  part  of 

the  winding  between  ai  and  Os. 
But  any  periodic  quantity  alter- 
nating as  a  sine  wave  will  reach 
its  maximum  value  in  either 
direction  just  one-half  period,  or 
180  degrees,  before  and  after  its 
maximum  value  in  the  opposite 
direction. 

^T  Now,   we  have  seen  that  -^ 

Fig.  244.    The  current  in  coil  v        -^  •  i        • 

aid,  is  made  up  of  two  currents  reaches   its  maximum   value  m 


^  and  ^,  the  positive  direc-  *^^  opposite  direction  to  what 

•^  I9 

tions  of  which  are  opposite.      is  positive  for  ^,  just  90  degrees 

I  I 

ahead  of  -j|.    But  -^  must  reach  its  maximum  value  in 

the  same  direction  as  ~,  either  180  degrees  sooner  or  180  de- 

grees  later  than  this.    If  -^  reaches  its  maTrimum  value  in 

7  f 

the  same  direction  as  k*  ISO  degrees  sooner,  then  it  must 

reach  it  90°  -|-  180°,  or  270°  ahead  of  the  maximum  positive 
value  of  ^.    We  would  then  say  that  -^  lags  270  degrees 

behind  -~. 

But  if  ^  reaches  its  maximum  value  in  the  same  direction 

as  7^,  180  degrees  later  than  it  reached  its  maximum  value  in 
the  opposite  direction,  then  it  must  reach  it  90°  —  180°,  or 
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90®  behind  the  maximum  positive  value  of  ~.    We  would 

then  say  that  -^  leads  -^  by  90  degrees. 

But  a  lead  of  90  degrees  is  exactly  the  same  as  a  lag  of  270 
degrees,  as  is  seen  by  referring  to  Fig.  245.  This  diagram  is 
really  a  piece  of  the  larger  Fig.  243,  containing  only  the  c\ir- 


—  ^■  from  oi  to  aj 


^I  total  wnmA  aitooj 


FiQ.  246.    The  vector  ^  may  be  said  to  lead  the  vector  -^  by  90",  or  to 

lag  270°  behind  it. 

rent  vectors  about  which  we  are  speaking,  in  the  same  rela- 
tion they  have  in  the  larger  figure.    The  vector  of  -^  had  to 


be  reversed  before  it  could  be  added  to  the  vector  of  ^ ,  be- 
cause it  is  presumed  by  agreement,  that  the  angles  between 
vectors  representing  various  alternating  quantities  in  the  same 
circuit  are  equal  to  the  phase  difference  with  respect  to  the 
same  positive  direction  for  all  quantities.  We  desire  to  find 
the  resultant  vector  representing  current  from  ai  to  02  rather 
than  from  02  to  ai,  for  the  reason  that  we  desire  the  posi- 
tive direction  of  current  in  each  coil  to  coincide  with  the 
direction  which  we  chose  to  consider  positive  for  the  e.m.f . 
in  the  same  coil.  This  was  counter  clockwise  in  the  closed 
ring,  or  from  ai  to  (h,  from  a%  to  61,  from  61  to  &«  and 
from  h%  to  ai.    This  enables  us  to  read  easily  from  the 
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diagram  the  phase  angle  between  current  and  e.m.f.  in 
each  coil. 
In  a  similar  manner,  it  is  seen  from  Fig.  243  that  ZftA  is  the 

vector  sum  of  -^  direct  and  ~  reversed,  and  It^^  is  the  vector 

sum  of  ^  reversed  and  ^  reversed.    The  minus  sign  before 
vectors  shows  that  they  are  reversed.    Fig.  243  proves 

(1)  That  the  current  in  each  coil  of  the  armature  is  in 
phase  with  the  total  induced  e.m.f.  in  that  same  coil, 
when  the  current  output  to  each  external  circuit  is  in 
phase  with  the  e.m.f.  induced  in  that  circuit. 

(2)  That  the  current  in  all  coils  or  parts  of  the  amuiture 
winding  is  the  same  when  the  external  load  is  balanced 
between  the  phases. 

(3)  That  in  a  two-phase  ring-wound  armature  with 
closed  winding,  having  load  of  equal  power-factor  on 
the  two  phases,  the  current  in  each  armature  con- 

^    ductor  is  equal  to  i  V/i*  +  I^. 

So  much  could  have  been  stated  on  the  basis  of  the  in- 
complete diagrams  in  Fig.  241  and  242.  But  we  could  not, 
without  the  complete  diagram,  such  as  Fig.  246  (or  of  equiv- 
alent mathematical  equations),  understand  what  is  happen- 
ing in  all  the  armature  coils  when  the  power-factors  of  the 
several  phases  become  different.  Suppose  this  same  ring- 
wound  two-phase  generator  is  supplying  rated  full-load  cur- 
rent of  100  amperes  to  each  phase,  but  that  the  current  in 
Phase  1  lags  60  degrees  behind  the  induced  e.m.f.  of  Phase  1 
(that  is,  the  power-factor  is  0.5  for  the  entire  circuit  of  Phase 
1,  including  the  armature),  and  that  the  current  in  Phase  2  is 
in  phase  with  the  induced  e.m.f.  in  Phase  2.  In  Fig.  246  the 
complete  vector  diagram  of  e.m.f.'s  deduced  in  Fig.  240  is 
first  repeated.  To  this  is  added  a  vector  I\  whose  length 
represents  100  amperes  to  scale,  and  which  has  a  phase  lag 
of  60  degrees  behind  the  e.m.f .  of  Phase  1  (^aibj  which  pro- 
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duces  it;  also,  a  vector  7i  whose  length  represents  100  am- 
peres in  Phase  2,  and  which  is  in  phase  with  the  e.m.f.  of 


FiQ.  246.  The  large  square  repreeenta  the  voltage  across  the  coils 
and  machine  terminals.  The  aborter  vectors  represent  the  currents 
in  the  various  coils  when  the  power-factors  of  the  phases  are  unlike. 

Phase  2  i,E^.    Proceeding  as  with  Fig.  243,  we  find  that: 

7,^  equals  vector  sum  of  ^  direct  and  ^  reversed. 


IbM  equals  vector  sum  of  ~  reversed  and  -^  direct. 

/j^,  equals  vector  sum  of  ^  reversed  and  ^  reversed. 

After  we  have  performed  these  reversals  and  sunmiations, 
we  6nd,  by  interpreting  the  vectors  according  to  the  values 
and  scales  chosen  in  this  particular  case,  that: 
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(1)  The  currents  /(«,to5i)  in  coil  ajih  and  /(^.totfi)  in  coU 
b^i  are  each  about  96.6  amperes,  whereas  they  cannot 
exceed  70.7  amperes  without  danger  of  burning  them 
out,  according  to  the  rating  of  the  machine.  That 
iS;  half  of  the  conductors  on  the  armature  are  being 
heated  above  normal  rate  in  the  ratio 

R  X  (96.6)'  ^  1.860 
R  X  (70.7)2      l.OOO' 

or  86.0  per  cent  faster  than  they  should  be  heated. 
This  mathematical  figure  would  be  modified  somewhat 
in  practice  by  consideration  of  the  other  two  coils, 
which  are  not  developing  heat  up  to  the  permitted 
rate,  and  are  therefore  tending  to  absorb  some  heat 
from  these  overheated  coils  and  thus  keep  the  local 
temperature  rise  from  being  as  great  as  it  would  ap- 
pear to  be  from  these  figures. 

(2)  The  current  in  coils  aia^  and  &1&2  is  about  25.9 
amperes,  whereas  it  is  permitted  by  the  rating  to  be 
70.7  amperes  without  danger.  That  is,  the  other 
half  of  the  armature  conductors  are  being  heated 
below  normal  rate  in  the  ratio 

25.9'  ^  0.1340 
70.7'      1.0000' 

or  13.4  per  cent  as  fast  as  they  could  be  heated. 

(3)  If  the  temperature  rise  within  the  armature  (which 
tends  to  injure  the  insulation  and  therefore  limits  the 
permissible  load)  were  proportional  to  the  average  rate 
or  total  rate  of  heat  development  over  the  entire 
armature,  this  manner  of  loading  would  be  perfectly 
safe;  because  the  average  rate  of  heating  for  the  two 
halves  would  be 


/1. 860 +0.134  ^  0.997\ 
\  2  1.000/ 
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That  is,  the  armature  would  be  heated  just  about  as 
fast  as  permissible  and  would  therefore  run  at  the 
highest  temperature  permissible,  though  no  higher. 
(4)  But  the  danger  in  overloading  a  dynamo  appears  in 
each  individual  wire  and  coil,  on  account  of  the  rise  of 
temperature  that  occurs  within  the  insulation  when 
the  heat  attempts  to  pass  through  it  and  get  to  the 
body  of  the  armature  and  to  the  air  currents  which 
are  supplied  for  ventilation.  The  insulation,  usually 
having  low  thermal  conductivity,  dams  up  the  heat, 
so  to  speak,  as  it  tries  to  pass  through  and  escape 
from  the  electrical  conductors,  which  are  completely 
encased  by  the  insulation  and  in  which  the  heat  is 
generated  when  current  flows.  Nevertheless  it  would 
not  be  correct  to  consider  the  temperature  rise  (and 
danger)  of  the  insulation  around  any  particular  con- 
ductor as  being  dependent  only  upon  the  rate  of  heat 
generation  in  that  conductor;  because  if  a  nearby 
conductor  or  part  of  the  machine  happened  to  be  de- 
veloping heat  at  less  than  the  normal  or  permissible 
rate  and  is  therefore  at  less  than  normal  temperature, 
the  heat  from  the  first  conductor  would  naturally  be 
dissipated  faster  than  usual  toward  the  cooler  regions, 
and  it  would  reach  a  temperature  correspondingly 
less  than  it  might  be  supposed  to  reach  if  considered 
without  regard  to  its  surrounding  conductors  or  parts. 
If  we  were  to  consider  each  coil  by  itself,  in  this  case, 
we  find  that  coils  0261  and  6201  would  have  their  insu- 
lation quickly  ruined,  resulting  in  breakdown  and 
stoppage  of  the  generator,  unless  the  current  in  these 
coils  were  reduced  to  normal  value  of  70.7  amperes 
corresponding  to  the  rated  full  load  of  the  alternator; 

70  7  73  2 

that  is,  a  reduction  to  tt^  ,  or  :r'  ^  part  of  its  pres- 

yo.o        luu.u 

ent  value.    This  means,  that  the  current  output  of 

each  phase  would  have  to  be  reduced  to  73.2  per  cent 
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of  its  present  value  of  100  amperes,  or  to  73.2  amperes, 
which  at  constant  voltage  means  a  proportional  reduc- 
tion in  the  kilowatts  output  of  the  whole  generator. 
(5)  The  total  power  output  of  the  entire  machine  is  now 
equal  to 

Power  generated  in  Phase  1 

=  Exh  cos  ^1  =  ^1  X  100  X  0.5  =  50.0  Ei  watts 

Power  generated  in  Phase  2 

=  £^2/2  cos  ^2  = -B2  X  100  X  1.0  =  100.0  £2  watts 

Total  power  generated  by  the  machine  =  (50  -Bi  +  100  E^) 
Assuming  Ei^  E%  ^  100  volts,  total  power  gener- 
ated =  15,000  watts.  In  order  to  make  sure  that  the 
temperature  of  every  part  of  the  insulation  does  not 
exceed  the  amount  permitted  at  the  rated  full  load  of 
the  machine,  the  output  at  constant  voltage  would 
have  to  be  reduced  to  0.732  X  15,000  =  11,000  watts. 
The  maximum  steady  output  from  this  machine,  with 
unity  power-factor  on  both  phases,  is  (100X100X1.0) 
+  (100  X  100  X  1.0)  =  20,000  watts.  Therefore,  the 
net  effect  of  a  50  per  cent  reduction  in  power-factor  of 
only  one  phase  is  to  reduce  the  load  capacity  of  the 
entire  machine  by  almost  50  per  cent. 

These  calculations  have  been  followed  through  in  some 
detail  because  they  illustrate  several  important  points: 

(1)  How  much  general  knowledge  concerning  the  results 
of  operation  under  various  conditions  may  be  obtained 
for  any  machine,  even  without  much  specific  knowledge 
concerning  its  construction  other  than  that  given  by 
the  nameplate,  provided  only  that  a  man  knows  vector 
diagrams  thoroughly,  with  some  arithmetic  and  trigo- 
nometry. The  facts  herein  deduced  could  be  applied 
to  any  two-phase  machine  with  closed  winding.  To  be 
sure,  closed  windings  and  two-phase  are  not  universally 
used,  but  they  offer  the  clearest  introduction  to  the 
more  difficult  calculations  which  appear  in  the  "Second 
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Course,"  Chapter  IX,  in  connection  with  synchronous 
converters.  The  methods  of  reasoning  would  be  the 
same  in  any  case.  Such  facts  concerning  the  internal 
currents  in  an  interconnected  system  or  a  closed  wind- 
ing of  several  phases  could  not  easily  be  learned  by 
experiment,  and,  if  not  calculated,  might  be  discovered 
only  after  biu'ning  out  a  machine. 
(2)  How  to  solve  problems  relatmg  to  values  and  phase 
relations  of  currents  and  e.m.f.'s  in  a  complicated  net- 
work. The  results  even  have  an  approximate  rela- 
tion to  the  performance  of  a  synchronous  converter 
(which,  though  not  ring-wound,  has  a  closed  multi- 
circuit armature  winding),  particularly  when  carrying 
a  mechanical  load.  They  illustrate  in  a  concrete 
fashion,  principles  which  may  be  applied  to  other 
machinery  and  circuits. 

If  anyone  were  inclined  to  doubt  the  accuracy  of  a  diagram  like 
Fig.  246,  the  following  cheqk  could  be  applied: 

The  sum  of  the  watts  generated  in  all  the  coils  on  the  armature 
ought  to  be  equal  to  the  total  watts  in  the  two-phaae  circuits. 

Fig.  246  is  drawn  to  the  scales   If «^^>  7  ^-^^T  ^^  ''''^*^- 
*  Ui  =  ia  =  100  amperes. 

Measuring  the  other  vectors  to  the  same  scale,  we  have: 

^aia,  =  Ea^,  =  Ebj>t  =  ^b^x  =  100/V2  =  70.7  volts. 
/flifl,  =  Ib^bt  =  25.9  amperes. 
/flj6x  =  Jb^i  =  96.6  amperes. 

hiat  reaches  its  maximum  value  in  the  direction  from  ai  to  oa  just 
30  degrees  after  EajA^  reaches  its  maximiun  value  in  the  same  direc- 
tion, or  /fljo,  lags  30  degrees  behind  Eaiav  Also,  la^  lags  30  de- 
grees behind  Eaj,^;  h^bt  lags  30  degrees  behind  Ebibtf  <u^d  Ib^^  lags 
30  degrees  behind  Eb^^.    Hence  we  may  write  the  following: 

Power  developed  in  coil  aiOi-  70.7  X  25.9  X  cos  30**=  1,687  watts 

Power  developed  in  coil  0261  =  70.7  X  96.6  X  0.866   =  5,913  watts 

Power  developed  in  coil  6162=  70.7  X  25.9  X  0.866  =  1,587  watts 

Power  developed  in  coil  6201  =  70.7  X  96.6  X  0.866   =  5,913  watts 

Total  power  developed  in  all  coib  =15,000  watts 
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Power  output  in  Phase  1 

=  EaM  X  Ia,b,  X  COS  ^  =  100  X  100  X  0.5  =  5,000  watts 
Power  output  in  Phase  2 

=  Ea^  Xla^X  coadi  =  100  X  100  X  1.0  =  10,000  watts 

Total  power  output  in  the  two  phases  =  15,000  watts 

Prob.  1-7.  A  220-volt  two-phase  two-pole  alternator  with  a  ring 
winding  delivers  at  rated  full  load,  50  amperes  to  each  phase  of  the 
load. 

(a)  Draw  a  sketch  showing  the  windings  and  taps,  the  ring?  and 
the  loads. 

(b)  If  the  load  is  all  of  unity  power-factor,  what  is  the  totaii  watts 
output  9f  the  generator? 

(c)  If  the  load  is  inductive  with  an  80  per  cent  power-factor  in 
both  phases,  what  is  the  kw.  output  of  the  alternator? 

(d)  What  is  the  total  kv-a.  rating  of  this  alternator? 

Prob.  2-7.  (a)  What  other  e.m.f.  could  be  obtained  from  the 
rings  of  the  alternator  of  Problem  1-7  while  delivering  rated  full 
load? 

(6)  Between  which  rings,  on  your  sketch  of  the  winding? 

(c)  What  is  the  phase  angle  between  this  e.m.f .  and  eadi  of  the 
two-phase  e.m.f.'s? 

Prob.  3-7.  Under  the  conditions  stated  in  Problem  1-7,  how 
many  amperes  flow  in  each  armature  conductor? 

Prob.  4-7.  If  the  alternator  of  Problem  1-7  were  loaded  as  a  four- 
phase  generator,  what  is  the  largest  value  of  amperes  that  could  be 
used  in  each  of  the  four  phases  without  making  the  amperes  in  each 
conductor  of  the  armature  any  greater  than  when  loaded  as  rated 
(see  Problem  1-7)?  The  four  phases  are  balanced  (same  amperes 
in  each)  and  non-inductive. 

Prob.  5-7.  What  changes  of  connections  in  Fig.  234  would  make 
the  armature  suitable  as  a  single-phase  generator  in  a  four-pole  field? 

Prob.  6-7.  If  used  thus  as  a  single-phase  armature  in  a  four-pole 
field,  how  many  amperes  could  the  generator  of  Problem  5-7  de- 
liver without  allowing  any  armature  conductor  to  be  heated  at  any 
greater  wattage  rate  than  was  permitted  under  rated  full-load  con- 
ditions (see  Problems  1  and  3)? 

Prob.  7-7.  When  the  generator  of  Fig.  234  is  operating  as  a  two- 
phase  generator  at  rated  frequency  and  voltage,  the  phases,  carrying 
non-inductive  loads,  become  unbalanced  so  that  one  of  them  car- 
ries 120  amperes  instead  of  100  as  rated.  What  is  the  greatest  cur- 
rent that  may  be  taken  on  the  other  phase  without  permitting  any 
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conductor  on  the  armature  to  carry  more  current  or  develop  heat 
faster,  than  is  permitted  at  rated  full-load? 

Prob.  &~7.  If  the  machine  of  Problem  7-7  were  able  to  maintain 
practically  full  rated  terminal  volts  on  both  phases  without  excessive 
losses  in  either  field  coils  or  armature  core,  would  the  permissible 
kilowatts  output  on  this  unbalanced  load  be  greater  or  less  than 
rated  full-load  kilowatts,  and  by  what  percentage? 

Prob.  9-7.  If  only  one  of  the  two  phases  of  the  generator  in 
Problem  7-7  were  loaded  and  the  output  on  the  other  phase  were 
zero,  how  many  amperes  could  be  deUvered  by  the  loaded  phase 
without  developing  any  greater  PR  loss  in  the  whole  armature 
winding  than  is  permitted  under  rated  full-load  conditions? 

82.  Three-phase  Alternator :  Delta-Connected.  Fig.  247 
represents  a  two-pole  alternator  with  ring  winding,  tapped  in 
a  manner  suitable  for  connection  to  a  "three-phase  circuit." 
A  three-phase  circuit  is  a  combination  of  wires,  or  coils,  so 
related  to  each  other  that  three  distinct  alternating  e.m.f.'s 
of  the  same  frequency  may  be  obtained  between  various 
pairs  or  combinations  of  terminals  or  wires.  These  e.m.f.'s 
have  equal  effective  values  and  a  phase  difference  of  one- 
third  period,  or  120  degrees,  between  any  two  of  the  e.m.f.'s. 
It  has  already  been  shown  (see  Art.  40  and  Chapter  IV) 
that  three  such  distinct  phases  may  be  transmitted  over 
four  or  three  line  wires  instead  of  six  and  that  three  is  the 
usual  number.  It  will  be  shown  in  this  chapter  that  the  use 
of  three  phases  rather  than  one,  two  or  four  phases,  when  all 
systems  are  on  a  similar  basis,  permits  the  greatest  amount 
of  power  to  be  handled  with  a  given  amount  and  cost  of  ma- 
terial in  the  generators.  In  the  "  Second  Course,"  Chapter 
IV,  the  same  truth  is  demonstrated  for  transmission  lines. 
We  desire,  therefore,  to  cormect  the  coils  of  the  simple  ring 
winding  shown  in  Fig.  213,  to  three  collecting-rings,  in  such 
a  way  that  the  three  e.m.f.'s  obtainable  between  these  rings 
shall  compose  a  correct  three-phase,  and  so  that  the  currents 
may  be  distributed  as  nearly  uniformly  as  possible  in  the 
armature  coils  when  the  phases  are  balanced.  The  method 
of  tapping  the  rings  to  the  windings,  shown  in  Fig.  247,  is 
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suitable  only  for  two  poles;  for  multipolar  machines,  methods 
will  be  shown  in  the  chapter  on  Synchronous  Converters. 

The  arrow  on  each  end-connection  in  Fig.  247  indicates 
the  direction  of  e.m.f .  induced  in  any  inductor  at  the  instant 
it  passes  through  this  position  in  the  magnetic  field.  Each 
arrow  thus  belongs  to  its  particular  position  and  is  fixed,  so 
to  speak,  and  refers  to  each  inductor  successively  as  the  rota- 
tion of  the  armatiu*e  brings  that  inductor  into  that  position. 
At  the  instant  the  armature  occupies  the  position  shown  in 
Fig.  247,  the  total  e.m.f.  in  coil  he  (sum  of  instantaneous 


Fig.  247.    The  annature  of  the  previous  figures  tapped  for  three- 
phase  power. 

values  of  all  inductors  in  series  in  this  coil)  is  zero;  while  coils 
ab  and  ca  at  this  instant  have  total  e.m.f.'s  which  are  equal 
to  each  other,  but  in  their  positive  directions  are  opposite 
with  reference  to  the  closed  mesh  or  ring.  The  efifective 
e.m.f.  in  all  three  coils  is  the  same,  because  they  all  have  the 
same  number  of  series  inductors,  and  rotate  together  at  the 
same  speed  in  the  same  flux.  The  instantaneous  e.m.f.  in 
coil  ab  reaches  its  maximum  value  in  the  direction  from  a  to 
6,  at  the  moment  when  the  middle  (wi)  of  this  coil  passes  a 
point  imder  the  middle  of  the  iV-pole.  The  e.m.f.  in  coil  6c 
reaches  its  maximum  value  from  h  to  c,  at  the  instant  its 
middle  (ma)  passes  the  same  point  in  the  magnetic  field, 
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which  occurs  just  one-third  period,  or  120  degrees,  after  the 
maximum  from  a  to  b;  and  the  e.m.f.  in  coil  ca  reaches  its 
maximum  value  from  c  to  a,  at  the  instant  ms  passes  the  same 
point  in  the  field,  which  is  two-thirds  period,  or  240  degrees, 
after  the  maximum  e.m.f.  a  to  6,  or  120  degrees  before  the 
maximmn  e.m.f.  a  to  b,  or  120  degrees  after  the  maximum 
e.m.f .  &  to  c.  ^  Therefore  the  coils  ab,  be  and  ca  differ  in  phase 
from  one  another,  successively,  by  120  degrees,  when  the 
positive  directions  are  chosen  from  a  to  b,  from  6  to  c  and  from 
c  to  a  (or  all  vice  versa)  —  that  is,  in  the  same  direction 
around  the  closed  mesh  or  ring  of  the  winding.    Fig.  248  is  a 
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Fia.  248.  Polar  vector  diagram  of  the  e.m.f.'8  between  the  tappings 
of  the  armature  shown  in  Fig.  247.  Each  e.m.f.  has  a  phase  dif- 
ference of  120°  with  either  of  the  others. 

polar  diagram  of  vectors  representing  the  relations  of  these 
induced  e.m.f  .'s.  The  total  e.m.f .  in  coils  ca  and  ab  together 
is  equal  to  the  direct  resultant  of  the  vectors  Eca  and  Eab  as 
they  stand,  since  the  relative  directions  of  the  vectors  have 
been  drawn  to  represent  phase  relations  of  e.m.f.'s  whose 
positive  directions  are  the  same  with  respect  to  the  series 
circuit.  It  is  seen  from  the  diagram  that  this  resultant 
Eetoatob  is  equal  in  value,  and  exactly  opposite  in  phase, 
to  the  e.m.f.  induced  in  coil  be,  which  is  represented  by  the 
vector  Eb  to  c  If  vectors  Ec  to  a  to  b  and  Eb  toe  were  combined, 
the  resultant  would  be  zero.  This  agrees  with  our  previous 
conclusion  that  the  total  e.m.f.  in  the  closed  winding  is  zero, 
regardless  of  how  it  is  tapped.    This  is  true  of  instantaneous 
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values  as  well  as  of  effective  values  of  e.m.f .  Fig.  249  is  a 
topographic  diagram  showing  the  same  vector  relations. 
Here  the  vectors  are  drawn  end  to  end,  and  the  resultant  of 
any  number  of  e.m.f. 's  in  series  is  represented  vectorially  by 
a  straight  line  drawn  from  the  beginning  of  the  first  vector 

of  the  series  to  the  end  of  the  last 
vector  of  the  series.  Here  again 
it  is  seen  that  the  resultant  e.m.f. 
of  coils  c-a  and  a-A)  in  series  is 
the  vector  £c  to  a  to  6,  which  is  equal 
and  opposite  to  the  vector  £6toc- 
4(ctoa)  Furthermore,  when  all  three  vec- 

tors  have   the  same  length  and 
same   120  degrees  angular  differ- 
'  ence   in   the   same   direction,   as 

Fig.  249.    Topographic  veo-  shown   here,    the   end    of   vector 
tor  diagram  of  the  voltage  ^         ^^y^^^  j^^j^  ^^^j     ^  ^^^ 

relations  in  Fig.  247.  ,..  .         ^        et-j- 

beginmng  of  vector  ^6toci  indi- 
cating that  the  total  e.m.f.  around  the  mesh  is  zero,  because 
a  line  between  these  two  ends  of  the  series  would  have  zero 
length. 

As  the  armature  coils  are  connected  together  and  tapped 
to  the  rings  in  Fig.  247,  the  winding  represents  what  is  called 
the  mesh  connection  or  the  delta  connection  of  coils.  The 
synchronous  converter  has  a  mesh  or  delta  connection  of  ne- 
cessity, because  it  must  operate  with  direct  current  as  well  as 
alternating  current,  and  the  former  requires  a  rotating  arma- 
ture with  a  closed  winding.  However,  this  is  not  the  most 
usual  method  of  connecting  together  the  different  phases  in 
the  windings  of  ordinary  alternators  with  drum-wound  arma- 
tures. It  is  most  usual  to  make  a  star  or  "Y"  connection 
between  the  coils;  this  is  an  open-circuit  winding,  and  gives 
the  greatest  terminal  voltage  that  can  be  obtained  in  a 
three-phase  winding  for  a  given  maximum  voltage  per  coil, 
and  is  particularly  desirable  in  generators  for  high-tension 
work. 
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83.  Star  Connection.  In  Fig.  250,  we  have  cut  open  the 
closed  ring  winding  at  three  equidistant  points,  a,  b,  c,  form- 
ing three  separate  groups  or  phases  out  of  the  armature 
winding.  As  before  explained,  the  e.m.f .  in  Coil  2  will  lag 
120  degrees  behind  the  e.m.f .  in  Coil  1,  and  the  e.m.f .  of  Coil  3 
will  lag  120  degrees  behind  the  e.m.f .  of  Coil  2,  or  240  degrees 
behind  that  of  Coil  1,  the  positive  directions  having  been 
chosen  either  all  clockwise  or  all  counter  clockwise  around 
the  ring.    Starting  with  one  end  of  Coil  1  at  the  cut  b,  we 


Fig.  250.    The  same  armature  Y  comiected.     Note  that  the  winding 
had  to  be  cut  at  a,  6,  and  c  before  a  Y  connection  could  be  made. 

have  labeled  the  ends  of  each  coil  S  (Start)  and  F  (Finish), 
as  we  follow  the  winding  progressively  around  the  ring;  that 
is,  Sij  Si  and  8z  are  similar  ends  of  the  three  phases  of  the 
winding,  and  Fi,  F^,  and  Fz  are  the  similar  other  ends  of  the 
three  phases,  respectively.  If  now  we  coimect  Si,  S2  and  Sz 
together,  as  shown  at  n  (results  would  be  exactly  the  same 
if  we  were  to  connect  Fi,  F2  and  Fz  together  instead),  we 
find  that  we  have  between  the  three  remaining  terminals  a 
correct  three-phase  e.m.f.  This  e.m.f.,  however,  is  about 
73  per  cent  greater  than  the  e.m.f.  across  any  group  of  the 
armature  winding.  The  e.m.f.  between  any  two  of  the  three 
terminals  of  the  mesh-connected  winding  of  Fig.  247  was 
exactly  the  same  as  the  e.m.f.  across  one  of  the  three  groups 
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of  the  armature  winding,  as  could  be  seen  by  simple  inspec- 
tion, since  the  terminals  of  the 
armature,  or  rings,  were  tapped 
directly  to  the  ends  or  junctions 
of  the  armature  groups.  Hence 
we  have  this  important  result; 
that  if  we  connect  an  armature 
winding  according  to  the  star  or 
Y  method,  we  get  a  three-phase 

„      ^^      „  ,  ,.     terminal  voltage  just  73  per  cent 

Fig.  251.    Polar  vector  diar  x       j.u         -r  x    xu 

^«rv,  f^,  «««  -.v-      t  *u    greater   than   if  we  connect   the 

gram  for  one  phase  of  the  °  . 

Y-connected  armature  of  same  armature  wmdmg  accordmg 
Fig.  250.  Note  that  the  to  the  mesh  or  delta  method, 
vector  Est  to  F,  has  the  The  vector  diagrams  accompany- 
opposite  positive  direction  ^  pj      250  illustrate  how  this 

to  the  vector -&5i  to  F,.  i.       x         "r«-       nert      U  U 

*  comes  about.     Fig.  251  shows  how 

the  e.m.f.  between  terminals  f 2  and  Fi  is  made  up  of  the 
e.m.f.'s  Es^toFi  and  Es^toPt  which 
are  in  series  between  these  termi- 
nals. Note  that  starting  at  F2 
and  tracing  the  winding  through 
to  Fi,  we  have  to  go  opposite  to 
the  positive  direction  in  Coil  2. 
The  chosen  positive  directions  of 
these  two  e.m.f  .'s  are  thus  opposed 
to  each  other  in  this  series,  and 
their  phase  difference  is  120  degrees 
only  with  reference  to  these  positiye 
directions.  We  have  seen  that  the 
vector  sum  of  two  e.m.f. 's  having  Fia.252.  Vector  diagram  for 
a  phase  difference  of  120  degrees  the  voltage  across  Fr-Pi- 
in  opposite  directions  is  in  reality  Note  that  it  is  made  up  of 
equab  to  the  vector  sum  of  two  *^®  voltage  across  5r-F,  re- 
similar  e.m.f.'s  having  a  phase  v«™ed  and  Sr-F,. 
difference  of  60  degrees  in  the  same  direction  through  the 
.circuit  of  the  series.    Fig.  251,  252  and  253  show  separately 


E(«s««%) 
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the  summations  of  Es^Fi  and  Es^p^  to  find  Ep^p^;  of  Es^Ft  aad 
Es^t  to  find  jBf,f,;  ai^d  of  £^5^,  and  ^^./Pi  to  find  Ep^p^. 


Ei«3toF,) 


FiQ.  253.    The  vector  diagram  for  the  voltage  across  the  phase  Fi-Ff. 
Note  that  it  is  made  up  of  the  voltage  across  Si-Fi  reversed  and  Sr-Ft- 

Fig.  254  is  an  assembly  showing  all  these  e.m.f.'s  together. 
It  is  seen,  by  simple  trigonometry,  that 

Ep^p^  =  Ep^^  =  Ep^p^  =  v3  EsPi 

and  the  phase  dififerences  are  120  degrees  each  to  each,  pro- 
vided only  that  Es^Pi  =  Es^p^  =  Es^p^  and  that  the  phase 


Ef^f, 


^^^Ef,f, 


Fig.  254.  The  vector  diagram  of  Fig.  251,  252  and  253  combined  to 
show  the  phase  relations  of  the  voltages  across  the  three  phases  and 
between  line  wires. 

differences  of  these  e.m.f.'s  are  120  degrees  each  to  each,  as 
is  usual. 

Prob.  10-7.  Prove  that  the  ratio  of  current  in  each  line  wire  to 
current  in  each  armature  coil,  in  a  delta-connected  three-phase  , 
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annature  with  balanced  load,  is  the  same  as  the  ratio  of  volts  be- 
tween terminals  to  volts  in  each  armature  section,  in  a  star-con- 
nected three-phase  armature.    See  Fig.  254. 

Prob.  11-7.  A  delta-connected  three-phase  armature  is  rated 
to  deliver  100  amperes  from  each  terminal,  with  230  volts  between 
each  pair  of  terminals,  at  60  cycles  frequency.  What  would  be  its 
rated  full-load  amperes  per  line  wire  and  volts  between  terminals, 
if  the  phases  or  groups  in  the  armature  were  connected  star  instead 
of  delta? 

Prob.  12-7.  What  is  the  maximmn  steady  load,  in  kilowatts, 
which  can  be  obtained  from  machine  in  Problem  11-7: 

(a)  Connected  delta. 

(6)  Connected  star? 

(c)  In  general,  what  difference  will  be  produced  in  the  rating  of 
a  generator  as  to  amp>eres  (per  terminal  or  per  line  wire),  volts 
(between  any  two  terminals  or  hne  wires)  and  kv-a.  (or  kw.  at 
unity  power-factor),  if  the  internal  connections  of  the  phases  in  the 
armature  are  changed  from  Y  to  delta? 

Prob.  13-7.  A  three-phase  deltarconnected  armature  is  rated  100 
kv-a.  (or  100  kw.  at  unity  power-factor),  2300  volts: 

(a)  What  is  the  current  in  each  p^  of  the  armature  at  rated 
full-load  output,  unity  power-factor? 

(h)  What  would  be  the  amperes,  volts  and  kv-a.  rating  of  this 
machine,  if  the  armature  groups  are  connected  in  star? 

Prob.  14-7.  A  three-phase  delta-connected  alternator  is  rated 
200  kv-a.  at  6600  volts: 

(a)  If  this  armature  were  to  be  used  to  deliver  its  full  rated  load 
(kilovolt-amperes)  from  a  single  phase  or  pair  of  terminals  (pre- 
suming the  voltage  could  be  kept  constant),  what  would  be  the 
amperes  in  each  section  of  the  armature  winding?  Draw  a  sketch 
to  illustrate  your  solution. 

(b)  By  what  percentage  would  the  rate  of  heat  development  in 
each  armature  coil  exceed  that  permitted  imder  rated  conditions? 

Prob.  16-7.  In  the  generator  specified  in  Problem  14-7,  what  are 
the  greatest  amperes  and  kilovolt-amperes  that  can  be  delivered  at 
rated  voltage  from  any  one  pair  of  terminals,  without  developing 
heat  in  any  armature  conductor  at  a  wattage  rate  exceeding  that 
permitted  at  full  load? 

Prob.  16-7.  If  the  thermal  conductivity  from  one  part  of  the 
armature  of  Problem  15-7  to  another  were  so  good  that  the  tem- 
perature of  each  part  were  determined  by  the  average  or  total  watts 
dissipated  as  heat  in  the  entire  armature,  calculate  what  maximum 
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amperes  and  kilovolt-amperes  could  be  delivered  from  a  single 
phase  of  this  machine. 

Prob.  17-7.  (a)  Draw  a  vector  diagram  for  the  case  in  Problem 
16-7  of  a  three-phase  delta-connected  armature  delivering  load  at 
unity  power-factor  from  a  single  phase  only,  and  calculate  the  watts 
of  power  developed  in  each  of  the  three  sections  of  the  closed  arma- 
ture circuit. 

(6)  Does  the  sum  of  power  developed  in  all  of  the  armature 
groups  check  up  with  the  power  between  the  terminals  of  the 
single  loaded  phase? 

84.  What  Determines  the  Number  of  Phases  to  Use.    It 

has  already  been  shown  that  the  power  in  any  single  ph9,se 
varies  from  instant  to  instant  in  a  manner  which  depends 
upon  the  power-factor  (see  Art.  37).  In  every  cycle  there 
are  two  instants  at  which  the  power  is  zerO;  and  two  instants 
at  which  it  has  the  same  maximum  value.  If  the  current  is 
in  phase  with  the  e.m.f .  which  produces  it,  the  flow  of  power 
is  unidirectional,  always  out  from  the  generator  to  the  line  or 
consmning  device,  and  the  "  power-factor "  of  the  circuit  is  ^ 

unity.  But  if  the  current  either  leads  or  lags  with  respect 
to  the  e.m.f.  which  produces  it,  there  are  negative  pulses  of 
power  interspersed  between  positive  pulses,  the  circuit  return- 
ing, during  one  part  of  each  cycle,  a  portion  of  the  power 
delivered  to  it  by  the  generator  during  the  other  part  of  the 
cycle.    The  power-factor  is  in  consequence  less  than  unity. 

In  any  correct  two-phase,  three-phase  or  four-phase  cir- 
cuit (as  defined  in  the  preceding  articles),  the  instantaneous 
power  in  each  one  of  the  phases  varies  just  as  in  any  single- 
phase  circuit  operating  with  an  equal  power-factor.  But 
when  the  polyphase  circuit  is  balanced,  it  can  be  shown, 
either  mathematically  or  graphically,  that  the  total  power 
in  all  of  the  phases  v&  at  every  instant  the  same;  in  other 
words,  the  total  flow  of  power  is  steady,  some  circuits  sup- 
plying enough  while  the  other  circuits  are  either  giving  none 
or  taking  back  some,  to  make  the  total  power  constant  at  all 
instants. 

This  important  fact  really  led  to  the  development  of  poly- 
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phase  systems.  The  fluctuation  of  power  does  not  make 
single-phase  systems  objectionable  for  supplying  power  for 
heating  purposes,  or  for  chemical  purposes.  In  fact,  single- 
phase  power  is  entirely  suitable  for  hghting,  provided  the 
frequency  is  not  less  than  about  40  cycles  per  second,  be- 
cause the  fluctuations  of  power  are  so  rapid  that  the  heat- 
ing and  lighting  effects  do  not  have  a  chance  to  die  out 
between  pulses  of  power,  so  to  speak.  But  great  trouble 
and  expense  have  been  involved  in  getting  motors  to  work 
satisfactorily  on  single-phase  alternating  current.  A  motor 
must  deliver  power  steadily  against  a  uniform  resisting  torque. 
Hence  if  it  is  supphed  with  a  flow  of  power  which  pulsates 
and  has  zero,  or  even  negative,  values  at  certain  regularly 
recurring  instants,  there  must  be  certain  parts  of  each  cycle 
during  which  the  motor  is  ^ving  out  more  power  than  it  is 
receiving,  and  other  parts  when  it  is  receiving  much  more 
than  it  gives  out.  The  average  value  of  the  variable  power 
taken  in  must  be  in  excess  of  the  steady  power  given  out,  by 
an  amount  equal  to  the  sum  of  all  losses  within  the  machine. 
The  motor  must  therefore  possess  features  which  will  enable 
it  to  store  energy  duruig  one  part  of  a  cycle  to  be  given  out 
during  another  part.  To  furnish  this  storage  capacity  re- 
quires a  larger,  heavier  motor  with  a  greater  amount  of  cop- 
per and  iron  in  it.  The  expense  is  further  increased  by  the 
fact  that  the  single-phase  motor  will  not  start  itself  unless 
furnished  with  some  auxiliary  devices,  usually  of  the  nature 
of  special  windings  on  both  rotor  and  stator,  with  commu- 
tator and  brushes,  all  of  which  add  to  the  complication, 
chances  of  trouble  and  cost  of  manufacture  and  maintenance. 
A  polyphase  alternating-current  motor,  on  the  other  hand, 
does  not  need  this  capacity  to  store  energy  from  one  part  of 
the  cycle  to  another,  because  the  total  electrical  power  input 
is  steady  like  the  mechanical  power  output.  Moreover,  the 
polyphase  motor  is  simpler  and  more  rugged  and  durable 
than  the  single-phase  motor,  costs  less  to  manufacture  and 
maintain,  and  will  start  more  quickly,  or  with  a  bigger  load, 
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and  with  less  disturbance  to  the  distributing  system,  than 
the  single-phase  motor.  The  advantages  of  the  polyphase 
motor  practically  forced  the  development  of  iwlyphase  sys- 
tems and  generators.  Of  the  various  polyphase  systems 
available,  the  three-phase  system,  using  three  irires,  has  been 
adopted  in  practice  as  standard,  because  of  its  simplicity. 

The  two-phase  system  usually  requires  four  line  wires  for 
transmission.  It  has  been  shown  (Art.  75)  that  two  of 
these  wires  may  be  combined  into  one,  making  three  wires 
(provided  the  generator  does  not  have  a  closed  or  re-entrant 
winding).  But  two  disadvantages  are  thereby  introduced: 
the  common  wire  carries  a  current  which  is  the  vector  simi 
of  currents  in  the  "two  phases,  and  it  should  therefore  be 
larger  than  either  of  the  other  two  wires,  which  is  an  incon- 
venience; and  the  resultant  voltage  between  the  two  smaller 
wires  is  about  41  per  cent  higher  than  the  voltage  of  either 
of  the  two  phases,  which  means  that  correspondingly  better 
insulation  is  required  on  the  smaller  wires. 

The  four-phase  system  absolutely  requires  four  wires  for 
transmission  in  order  to  connect  four  loads  to  four  distinct 
and  different  pairs  or  phases.  As  to  uniformity  of  power 
flow,  the  four-phase  possesses  no  advantage  over  two-phase. 
In  fact  there  is  only  one  real  phase  difference  between  the 
four  phases,  because  two  of  the  e.m.f.'s  reach  their  maximum 
values  at  exactly  the  same  instant,  and  the  other  two  reach 
their  maximum  values  also  at  exactly  the  same  instant,  there 
being  one-quarter  period  between  these  instants. 

The  three-phase  system  requires  only  three  line  wires  to  be 
perfectly  symmetrical,  so  that  the  voltage  between  any  two 
line  wires  is  the  same.  It  will  be  shown  later  that  this  sys- 
tem requires  the  least  material  and  costs  the  least  in  the  dis- 
tributing system  for  a  given  pressure  than  any  of  the  others 
mentioned.  Here  we  shall  demonstrate  the  same  fact  re- 
garding only  the  generators  for  these  several  systems. 

86.  Electromotive  Force  Relations:  Single-phase^  Two- 
phasei  Three-phase.    In  all  of  the  diagrams  used  thus  far, 
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the  armature  has  had  altogether  24  mductors  upon  its  out- 
side surface,  equal  distances  apart.  As  it  is  bipolar,  each 
whole  revolution  completes  one  cycle  of  e.m.f.  in  every  in- 
ductor. As  we  follow  the  winding  around  the  ring,  the  e.m.f . 
in  each  successive  inductor  lags  behind  the  e.m.f.  in  the  pre- 
ceding inductor  by  one-twenty-fourth  of  one  period,  or  15 

electrical  degrees.  When 
the  ring  is  tapped  for 
single  phase  as  in  Fig. 
215,  the  armature  is 
divided  into  two  parallel 
paths,  with  half  of  the 
total  number  of  induc- 
tors arranged  in  series 
in  each  path.  The  total 
e.m.f .  between  terminals 
is  therefore  equal  to  the 
vector  sum  of  12  e.m.f  .'s, 
each  differmg  from  the 
next  by  15  degrees,  all 
in  the  same  direction 
through  the  series. 


Fia.  255.    Topographic  vector  diagram  Adding   the    e.m.f.    of 

for  the  voltage  across  any  combination  each  inductor  to  that  of 

of  conductors  on  the  armature  shown  the    succeeding    one    in 

in  the  previous  figures.    The  vector  the  series,  as  a  string  of 

Ea^br,  for  instance,  represente  the  volt.  ^^^^       according  to  the 

age  across  conductors  1,  2,  3,  4,  5  .                ,  .            !?     j      ^ 

^Q^j  g  topographic    method   of 

vector  addition,  we  get  a 
diagram  like  Fig.  255.  The  great  convenience  of  this  type  of 
diagram  is  due  to  the  fact  that  a  chord  drawn  between  any  two 
points  of  the  diagram  represents  correctly  both  the  value  and 
phase  relations  of  the  resultant  or  sum  of  all  e.m.f  .'s  whose  vec- 
tors are  included  in  the  series  between  the  ends  of  this  chord. 
Thus,  the  total  e.m.f.  of  the  six  equal  e.m.f.'s  in  inductors 
No.  1,  2,  3,  4,  5  and  6,  between  ai  and  62,  is  represented  by 
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the  chord  0162  in  Fig.  256.  The  length  of  vector  ajb^  repre- 
sents the  effective  voltage  of  the  group  from  ai  to  62  to  the 
same  scale  of  volts  used  in  laying  out  the  component  voltages, 
and  the  angle  between  vector  0162  and  any  other  vector  of  the 
diagram  represents  the  phase  relation  between  the  e.m.f.'s 
of  the  corresponding  parts  of  the  armature  circuit.  It  may 
be  proved  by  the  rules  of  geometry,  or  by  accurate  drawing 
of  the  diagram,  that  the  vector  ai&i,  representing  the  sum  of 
the  e.m.f.'s  of  twelve  inductors  15  degrees  apart  in  series,  is 
the  diameter  of  a  semicircle  drawn  through  the  ends  of 
all  the  component  vectors.  Also,  if  we  choose  any  point  be- 
tween ai  and  &i,  such  as  Ih,  the  e.m.f.'.s  aJh  and  bjbi  are  90 
degrees  out  of  phase  with  each  other,  and  their  resultant  is 
always  equal  to  ai6i,  that  is,  Ea^^  =  ^Eaj^  +  Et^^.  If, 
as  in  this  case,  aibi  and  bj>i  are  chosen  equal  to  eskch  other, 
each  being  the  resultant  of  the  same  number  (six)  of  similar 
component  e.m.f.'s,  each  is  the  e.m.f.  of  one  phase  of  a 
four-phase  machine.  Therefore  E  (single-phase)  =  V2  X  E 
(four-phase)  which  agrees  with  our  previous  work. 

If  now  we  choose  a  point  C3  separated  from  ai  by  eight  in- 
ductors, we  find  that  the  following  relations  exist  between 
the  vector  Ea^^,  representing  the  e.m.f.  between  ai  and  Cz, 
and  the  vector  Sc^^,  representing  the  e.m.f.  in  the  remaining 
four  coils  of  the  half-winding,  between  Cs  and  bii 

Eag:t  l^gs  behind  Eej,^  by  90  degrees,  or  one-quarter  period. 
Ea^t  lags  behind  -Ba,6i  by  30  degrees. 
Ecj>^  leads  Egj^  by  60  degrees. 

Ea,b,  =  VEaJ  +  Ec^,\ 

Ea^,  =  JE?a,6,  X   ( V3/2)    =  0.866  Ea^. 

EcJIfi  =  Ea^  X  (i)  =  0.5  Ea^i. 

But  ozCz  is  one  of  the  three-phase  voltages.  From  these 
facts  we  may  deduce  the  following  rules  for  closed  windings: 


V 


(1)  If  the  coils  of  any  given  armature  winding  are  grouped 
to  form  a  correct  three-phase,  the  voltage  across  each 
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< 


phase  of  the  winding  will  be  equal  to  ( V3/2,  or  0.866) 
times  the  voltage  that  would  be  obtained  by  dividing 
it  into  two  equal  parallel  groups  for  single-phase. 
(2)  If  this  winding  is  grouped  to  form  six  equidistant 
phases  of  equal  e.m.f.'s  (equivalent  to  tapping  the 
winding  of  Fig.  256  at  inductors  4  and  20,  thus  forming 
six  equal  and  equidistant  groups  ai-4,  4r-C3,  Cz-bi,  61-63, 
63-20,  and  20-ai),  the  e.m.f.  in  each  of  the  six  phases 
is  equal  to  one-half  the  voltage  that  would  be  obtained 
by  dividing  the  whole  number  of  coils  into  two  equal 
parallel  groups  for  single  phase  (Eaib^. 

86.  Relative  Ev-a.  Capacity  of  Single-phase^  Quarter- 
phase  and  Three-phase  Generators.  We  shall  calculate 
now   the  relative  power   capacity   of  the  same  armature 

with  windings  arranged 
in  these  several  ways. 
Although     the     actual 
numbers  used  make  no 
difference  in  the  relative 
results,  we  shall  select 
some  in  order  to  make 
the    example   realistic. 
Suppose,  for  simplicity. 
Fig.  256.    The  armature  of  the^ previous  that  we  consider  a  re- 
figures  tapped  for  single-phase,  two-  entrant    rmg    winding 
phase,  three-pha«.  and  four-phase.  ^j^j^j^     j^     ^^^^^^^     ^f 

delivering  100  amperes  at  100  volts  from  the  terminals  aibi 
only,  in  Fig.  256.  The  maximum  output  which  may  be  per- 
mitted without  overheating  any  part  of  the  machine  is 
therefore  100  amperes  X  100  volts  =  10,000  volt-amperes 
=  10  kilovolt-amperes  =  10  kilowatts  if  the  power-factor  is 
unity.  The  greatest  allowable  current  in  any  single  coil  or 
inductor  is  J  of  100  amperes  =  50  amperes. 

Now  consider  this  same  winding  tapped  for  two-phase,  as 
at  ai  and  61,  Og  and  62,  in  Fig.  256.    It  has  been  shown  (Art. 
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79  and  Fig.  243)  that  with  such  arrangement  of  winding,  the 
current  in  each  armature  conductor  is  (-5-)  times  the  cur- 
rent delivered  from  either  aj)^  or  ajbtf  on  balanced  load  of 
any  power-factor.  Hence  the  greatest  allowable  current 
output  from  either  phase  (two  parallel  paths  in  each  phase) 

2  X  50 
of  the  two-phase  is  — -y=-  amperes.    If  the  flux  from  eacK 

pole,  and  the  speed,  remain  constant,  the  e.m.f.  induced 
in  each  coil  is  not  altered  by  the  change  in  the  connections 
or  manner  of  loading;  hence  the  e.m.f.  across  0262  is  the  same 
as  that  across  ai&i,  which  remains  the  same  as  when  operating 
single-phase.*  Hence  the  greatest  permissible  total  output 
when  operating  two-phase  will  be 

(2  X  ^  X  100)  +  (2  X  ;^  X  100)  =  ^!^  volt-amperes 

=  14.14  kv-a. 
Now  consider  the  same  winding  tapped  for  three-phase,  as 
at  Os,  bi,  C3,  in  Fig.  256.  It  was  shown  by  means  of  Fig.  255 
that  the  e.m.f.  between  any  two  of  these  points,  as  oaCs,  is 
equal  to  0.866  times  the  e.m.f .  between  ai  and  61,  which  was 
the  single-phase  e.m.f.    Hence 

Power  output  from  a^Cz  =  power  from  Czbz  =  power 
from  bzfiz  =  (50  amperes)  X  (0.866  X  100)  volts. 

Greatest  total  three-phase  output  ==  3  X  50  X  0.866 
X  100  =  13,000  volt-amperes  =  13.0  kv-a. 

To  check  this: 

The  actual  amperes  output  from  each  terminal  or  to  each 
line  wire,  delta-connected  as  shown,  is  Ii  =  V3  X  50 
amperes  =  86.6  amperes.  The  volts  between  any  two  line 
wires  is  ^^  =  0.866  X  100  volts  =  86.6  volts.  The  total 
volt-amperes  given  out  to  a  three-phase  line  equals  V3  EJi 

*  In  these  calculations  the  effects  of  armature  reaction  in  altering 
the  flux  and  induced  e.m.f.  are  ignored,  as  being  of  too  complicated 
character  to  be  considered  in  such  simple  calculation.  See  Chapter  I, 
Second  Course. 
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(to  get  watts  we  would  multiply  volt-amperes  by  power- 
factor),  which  reduces  to  (1.732  X  86.6  volts  X  86.6  am- 
peres), or  13,000  volt-amperes.  If  this  same  winding  had 
been  star-connected  instead  of  delta-connected,  the  results 
would  have  been  as  follows: 

Greatest  allowable  current  output  from  each  terminal 

=  /i  =  50  amperes. 
Greatest  allowable  e.m.f.  between  any  two  terminals 

=  £,  =  VS  X  86.6  volts  =  150  volts. 
Total    volt-amperes    deUvered    to    three-phase    line 

=  V3  EJi  =  1.732  X 150  X  50  =  13,000  volt-amperes. 

It  therefore  makes  no  difference  in  the  power  rating  of  a 
three-phase  machine  whether  it  be  connected  star  or  delta; 
such  change  affects  only  the  rated  volts  and  amperes,  but  not 
their  total  product. 

87.  Best  Tapping  for  Three-phase  Generator.  It  ap- 
pears from  the  above,  that  although  the  single-phase,  two- 
phase  and  three-phase  machines  all  contain  the  same  amount 
of  copper  and  iron,  and  have  the  same  speed  and  cost,  it  is 
permissible  to  take  41.4  per  cent  more  power  out  of  the  two- 
phase,  and  30  per  cent  more  power  out  of  the  three-phase, 
than  out  of  the  single-phase  machine,  operating  under  the 
same  conditions  as  to  power-factor,  permissible  watts  loss 
and  temperature  rise.  This  makes  the  two-phase  alternator 
appear  to  be  the  best  machine.  This  is  not  true  in  practice, 
because  the  three-phase  winding  is  usually  arranged  to  better 
advantage  than  as  shown  at  as&sCs  in  Fig.  256.  Windings 
are  in  fact  usually  arranged  so  that  each  phase  has  one  group 
of  coils  or  inductors  for  each  pole  —  or  so  that  each  phase  is 
distributed  symmetrically  with  regard  to  every  single  pole, 
and  not  with  regard  to  every  pair  of  poles.  To  illustrate, 
in  Fig.  257,  representing  a  three-phase  delta  winding,  each 
phase  consists  of  one  large  group  (asfes,  or  baCa,  or  (w^  for  the 
pair  of  poles.  But  in  Fig.  258  the  same  number  of  inductors 
or  coils  are  arranged  so  that  each  phase  consists  of  one  pair 
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Fig.  257.    A  simple  diagram  of  the  delta 
arrangement  of  the  windings  in  Fig.  256. 


of  equal  groups  per  pair  of  poles,  or  one  group  per  pole.  In* 
stead  of  cutting  the  winding  at  only  three  equidistant  points 
to  form  phases  as  in  the 


former  case,  we  have  cut 

the  total  number  of  coils 

which  lie  under  a  pair  of 

poles    into    six    groups, 

making  three  phases  each 

with  one  group  per  pole 

per  phase.     Each  group 

contams    a   number    of 

coils  equal  to  |  of  the 

total  number  of  coils  per 

pole  of  the  whole  ma- 
chine.    In  Fig.  258  it  is  seen  that  groups  1,  2,  3,  4^  5  and  6 

have  the  same  number  of  inductors  or  coils  in  each,  and 

therefore  generate  equal 
effective  voltages.  Each 
group  in  Fig.  258  has  J 
as  many  inductors  as 
each  group  in  Fig.  257. 
In  Fig.  255  it  is  seen 
that  the  resultant  volt- 
age across  the  eight  coils 
from  as   to   Cs  is  equal 

Fig.  258.  The  armature  windings  of  ^  ^^'^  ^^'  ^^  ^'^^^' 
Fig.  257,  cut  up  into  six  coils  which  times  the  resultant  volt- 
are  rejoined  into  three  phases.  Note  age  across  four  Coils 
that  coils  6  and  3  produce  phase  oj&,,  from  C3  to  61,  yet  the 
coils  4  and  1  form  pha^6^„  and  coils  ^^^e^  ^j  ^j^y^^  ^^^ 
2  and  5  form  phase  cm.  .  ^       ^^     0 

jacent  coils  fromos  to  Cz 
is  j,  or  twice  the  number  of  coils  from  Cj  to  &i. 

The  voltage  across  four  adjacent  coils  is  therefore  ^-^70*  or 

0.578,  of  the  voltage  across  eight  adjacent  coils,  or  some- 
what more  than  half  as  much.    The  reason  for  this  is  plain 
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from  Fig.  255,  where  it  is  seen  that  the  more  coils  there  are 
in  series,  the  greater  is  the  phase  difference  between  each 
added  one  and  the  first  and  thus  the  less  it  adds  to  the  volt^e 
across  the  series.  The  scheme  of  cutting  the  ring  into  groups 
of  three  coils  each  as  in  Fig.  258  and  259  merely  offers  an 

opportunity  of  rejoining 
the  coils,  so  that  only 
those  coils  will  be  in 
series  in  which  the 
e.m.f.'s  are  nearest  in 
phase. 

It  is  seen,  from  Fig. 
258  and  259,  that  the 
e.m.f.'s  in  Groups  1  and 
4  reach  their  maximum 
Fig.  259.    The  six  coils  of  Fig.  258,  instantaneous  values  at 
arranged  for  three  separate  phases  Oi&i,  the  same  moment,  but 
a.6,anda,6,.  j^    opposite   directions 

around  the  ring,  because  while  one  of  them  is  passing 
under  N  the  other  is  passing  similarly  under  S.  Now  if 
coils  1  and  4  can  be  connected  in  series  so  that  their 
maximum  instantaneous  e.m.f.'s  add  together  in  the  same 
direction  through  this  series,  the  total  effective  e.m.f.  of 
these  two  groups  of  four  coils  each  will  be  (2  X  0.578),  or 
1.156  times  the  effective  e.m.f.  of  a  single  group  of  eight 
adjacent  coils  in  Fig.  256.  Note  that  this  is  done  in  Fig. 
258  and  259  by  means  of  one  simple  connection  which 
is  explained  in  the  following  page.  ,  There  are  three  such 
pairs  of  groups  in  Fig.  258  —  that  is,  1  and  4,  2  and  5, 
3  and  6,  and  they  may  be  combined  into  a  three-phase 
mesh  or  star,  because  there  is  a  suitable  phase  relation 
between  groups  as  shown  by  Fig.  260  and  261.  The  current 
capacity  of  each  group  is  the  same  in  both  methods  of  joining 
them,  but  inasmuch  as  the  voltage  per  phase  is  1.156  times 
as  great  in  Fig.  258  as  in  Fig.  257,  it  follows  that  the  power 
capacity  of  each  of  the  three  phases  is  1.156  times  as  great 
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as  before.    This  makes  the  greatest  allowable  load,  on  the 
same  basis  as  before,  equal  to  13.0  kv-a.  X  1.156  »  15.0  kv-a. 


»^6, 


TermlBa]fi 


Fig.  260a. 


The  coils  of  Fig.  259  joined 
in  star. 


Bar. 


Fig.  260b.  Polar  vector 
diagram  of  the  voltages 
across  the  coils  joined  in 
Y  as  in  Fig.  260a.  Note 
the  three  have  the  true 
three-phase  relation  of 
phase  difference. 


Fig.   261b.    The  topographic 
vector  diagram  for  the  volt- 
FiQ.  261a.    The]  coils  of  Fig.  259  joined    ages  across  the  delta  con- 
in  delta.  nection  of  Fig.  261a. 

It  is  significant  that  we  have  obtained  this  increase  from 
13  to  15  kv-a.  in  the  capacity  of  the  same  machine,  amount- 
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ing  to  15.6  per  cent  increase,  merely  by  the  application  of  a 
little  knowledge  of  vector  addition,  which  shows  us  the  best 
way  to  arrange  the  coils.  Evidently  it  does  not  pay  to  add 
more  coils  in  series  when  the  phase  lag  of  the  added  e.m.f.'s 
is  large.  For  this  reason  the  windings  of  some  machines  are 
not  distributed  uniformly  over  the  entire  armature,  but  are 
concentrated  in  groups  corresponding  to  the  poles,  so  that 
only  a  fraction  of  the  periphery  of  the  armature  is  occupied. 
This  is  particularly  noticeable  in  single-phase  windings. 
Notice  now,  that  as  a  result  of  subdividing  the  three-phase 
winding  so  as  to  have  a  group  of  coils  imder  each  pole  for 
each  phase,  we  have  changed  the  relative  power  capacity  of 
the  three  machines,  for  the  same  size  and  approximately  the 
same  cost,  as  follows: 

Single-phase:  two-phase:  three-phase  «  10.0: 14.14: 15.0. 

These  relations  are  general,  and  applicable  to  any  given 
armature  winding,  regardless  of  the  style  of  wmding,  the 
total  number  of  coils  and  inductors,  or  of  the  number  of  poles, 
provided  only  that  all  the  coils  are  exactly  similar  and  that 
the  total  number  of  coils  per  pole  is  divisible  by  the  number 
of  phases  desired.  Thus,  if  any  given  machine  had  a  total 
number  of  similar  coils,  which  is  exactly  divisible  by  either 
three  times  the  number  of  poles  or  two  times  the  number  of 
poles,  the  machine  may  be  changed  from  three-phase  to  two- 
phase,  or  vice  versa,  merely  by  altering  the  end-connections 
between  the  coils.  This  would  not  change  the  frequency  for 
a  given  speed  {(St  the  speed  obtained  with  a  given  frequency, 
if  the  machine  happens  to  be  a  motor),  but  it  would  change 
the  voltage  at  which  it  is  proper  to  operate  the  machine.  The 
exact  form  and  manner  of  making  or  altering  the  end-con- 
nections between  coils  for  any  given  winding  would  depend 
upon  the  style  of  winding,  as  hereafter  explained  (see  Chapter 
IV).  In  any  case,  if  the  connections  were  made  correctly, 
the  terminal  voltage  produced  for  a  given  voltage  per  coil, 
for  a  given  speed  and  flux  per  pole,  and  a  given  number  of 
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coils  per  pole  per  phase,  would  be  indicated  by  the  vector 

diagrams  as  given,  regardless  of  the  style  of  winding. 

It  is  worth  noting  here,  how  the  three  phases  in  Fig.  258  are 
connected  together,  because  it  is  a  fertile  source  of  error.  Fig.  259 
has  been  specially  drawn  so  as  to  show  the  coils  in  each  group 
squeezed  together  or  concentrated,  to  make  the  picture  clearer.  A 
little  study  will  show  that  on  account  of  the  number  of  poles  and 
the  position  of  the  groups  relative  to  each  other,  the  e.m.f.  in 
Groups  5  and  2  reaches  its  maximum  instantaneous  value  in  the 
direction  from  02  to  62,  just  one-third  period,  or  120  degrees,  after 
the  e.m.f.  in  Groups  1  and  4  reaches  its  maximum  instantaneous 
value  in  the  direction  from  oi  to  61,  or,  that  Ea^  to  ht  lags  120  de- 
grees behind  Ea^  to  hi]  similarly,  that  £?a,to&a  lags  120  degrees  be- 
hind Ea^  to  bit  or  240  degrees  behind  ^aito&i;  and  that  ^oi  to  &i  lags 
120  degrees  behind  Ea^  to  6,-  If  we  desire  a  correct  three-phase 
star  or  Y  connection,  we  must  connect  the  three  points  ai,  02  and  as 
togethef  (this  is  called  the  neutral  point),  and  take  our  three- 
phase  loads  from  61-62,  br-bz  and  63-61.  Fig.  260  indicates  the 
equivalent  of  this  connection,  and  at  the  same  time  shows  the 
vector  diagram  according  to  which  the  e.m.f.'8  are  combined  to 
get  the  terminal  e.m.f. 's  of  the  several  phases,  or  terminal  voltage 
of  the  machine.  Notice  that  in  Fig.  260a  we  have  connected 
Groups  2  and  5  together  in  a  sense  opposite  to  that  in  which  Groups 
1-4  and  Groups  3-6  are  connected,  instead  of  having  all  pairs  con- 
nected in  the  same  sense  as  in  Fig.  259.  Then  we  have  connected 
the  "Starting  "  ends  of  Groups  1-4  and  3-6  to  the  "Finishing  "  end 
of  Groups  2-5,  instead  of  connecting  the  Starting  ends  of  all  groups 
together  as  described  above  for  Fig.  259.  One  of  these  changes 
exactly  compensates  the  other,  and  the  purpose  is  to  shorten  the 
connections  between  each  group  and  neutral.  If  we  desire  a  cor- 
rect three-phase  mesh  or  delta  connection  for  Fig.  259,  we  should 
join  61  to  02,  62  to  as  and  6s  to  ai,  and  connect  the  three-phase  loads 
to  these  junction  points,  which  are  the  terminals  of  the  winding. 
Fig.  261  illustrates  this  connection,  and  the  vector  diagram  repre- 
senting it.  Taking  the  positive  direction  to  be  from  a  toward  6 
in  all  phases  of  the  winding,  the  phases  are  successively  120  degrees 
apart;  and  the  resultant  of  three  such  phases  in  series  so  that  their 
positive  directions  are  the  same  throughout  the  series  (as  con- 
nected in  the  delta)  is  seen  to  be  zero  by  the  closure  of  the  dia- 
gram in  Fig.  261. 

88.  Open  and  Closed  Windings.  Relative  Capacity  for 
Different  Methods  of  Connection.  The  same  coils  may  be 
connected  together  to  form  either  a  closed  winding,  as  shown 
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in  Fig.  262  for  a  single-phase  alternator,  or  an  open  winding, 
as  shown  in  Fig.  263.  For  the  same  finx  and  speed,  the  same 
machine  with  open  winding,  connected  as  in  Fig.  263,  will 
safely  deliver  only  half  as  much  current,  but  at  twice  as  great 


Fig.  262.    Single-phase  closed  winding.    Fig.  263.    Single-phase  open  winding. 
100  amp.,  100  volts,  10  kv-a.  capacity.   50  amp.,  200  volts,  10  kv-a.  capacity 


Fig.  264.  Incorrect  tapping  and  con- 
nection for  single-phase  winding. 
50  amp.,  zero  volts,  zero  capacity. 


Fig.  265.  Two-phase  closed  winding. 
70.7  amp.,  100  volts  for  each  phase, 
ai&i  and  Ofb*.  Total  capacity  — 
2  X  70.7  X  100  =  14.14  kv-a. 


voltage,  as  it  would  with  coils  arranged  in  the  closed  winding 
shown  in  Fig.  262.  The  total  kv-a.  capacity  would  be  the 
same  in  either  case.  Care  must  be  exercised  to  connect  the 
parts  of  the  open  winding  so  that  the  total  e.m.f.  is  as  great 
as  possible,  or  so  that  the  coils  connected  in  series  to  form 
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each  phase  are  not  in  opposition.     Failure  to  observe  this 
may  result  as  indicated 


diagrammatically  in  Fig. 
264,  which  illustrates  the 
effect  of  connecting  F2 
to  Sij  leaving  S2  and  Fi 
as  the  terminals  of  the 
single-phase  winding. 
Fig.  265,  266  and  267 
illustrate  the  correspond- 
ing arrangements  for  a 
two-phase  winding,  Fig. 

265  representing  the  piQ.  266.  Two-phase  open  winding, 
closed  winding,  Fig.  266  50  amp.,  .141.4  volts  in  each  phase, 
the  open  winding  for  oi&i  and  oJh-  Total  capacity  = 
same  coils  and  Fig.  267  2X  50X  141.4  =  14.14  kv-a. 
the  effect  of  connecting  the  halves  of  each  phase  so  as  to 
oppose  instead  of  help  each  other. 


FiQ.  267.    Incorrect  connections  for  two-phase  winding.    50  amp., 
zero  volts  for  each  phase.    Total  capacity  »  zero  kv-a. 

Example  1.  Fig.  268  represents  for  a  two-pole  three-phase  alter- 
nator, the  connections  of  a  ring  winding  equivalent  to  the  drum 
winding  most  frequently  used  in  alternating-current  machines, 
namely  a  Y  connection  with  one  group  of  coils  per  phase  per  pole. 
AU  groups  in  each  phase  are  arranged  so  as  to  be  in  phase  with  each 
other,  thus  delivering  at  the  terminals  the  greatest  e.m.f.  possible 
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Rev. 


to  obtain  from  the  machine  with  the  given  coils,  speed  and  flux. 

At  rated  frequency  or 
speed/  and  normal  flux 
or  current  per  field  coil, 
this  machine  is  capable 
of  delivering  200  kv-a. 
at  a  voltage  of  2300 
between  any  two  termi- 
nals, with  balanced  load. 
This  tells  us  indirectly 
the  following  important 
facts  concerning  the  ma- 
chine: 

(a)  The  greatest  current 

that    any    coil    of    the 

winding  can  be  aUowed 

TerminaiB     i?0  L^oJ  \^ij  to  Carry  Steadily  without 

overheating  it  and  ruining 

Fig.    268.    Best  three-pha^  star-connec  V"""   i^^^^^o^'  Jhus    if 
..•.,.  .  *.         .•       f,  Ir  represents    the    rated 


tioD  for  this  armature.     At  a  rating  of 


arm  1  oonn      u   <•     *u  *       full-load  curreut  per  coil, 

200  kv-a.,  2300  volts  for  the  generator,   ^,  re    j.-  ^ 

,      .,  _    KAo  then,  usmg  effective  values 

each  coil  can  carry  50.2  amp.  ^,      '   ,      . 

throughout, 

200,000  volt-amperes  =Vsx  2300  volts  X  le  amperes. 


/.= 


200,000 


1.732  X  2300 


=  50.2  amperes. 


(6)  The  greatest  e.m.f .  that  can  be  delivered  by  any  one  of  the  six 
groups  of  coils  into  which  the  winding  is  divid^  (as  1  and  4,  or  3 
and  6,  or  5  and  2)  while  carr3dng  a  current  of  50.2  amperes,  and 
while  the  machine  is  turning  at  rated  speed,  without  requiring  a 
flux  which  will  cause  excessive  hysteresis  and  eddy-current  losses 
in  the  armatiu-e  core,  or  a  field  current  which  will  overheat  the  field 
coils.  Thus,  if  Eg  be  the  volts  across  each  group  of  coils,  as  across 
Si-Fi  or  Sz-Ft  or  Sr-Ft,  at  full  rated  load,  then 

2300  =  V3  X  (2  Eg), 

as  is  evident  from  the  corresponding  vector  diagram.  Fig.   269, 
hence  Eg  =  2300/2  Vs  =  664  volts. 

Check:  The  smn  of  the  volt-amperes  developed  in  all  three  phases 
of  the  winding  ought  to  be  equal  to  the  total  volt-amperes  output 
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from  the  terminals  of  the  machine.  In  this  case,  the  volts  per  phase 
of  the  winding  =  2  X  664  =  1328,  and  the  amperes  =  50.2. 
Hence,  totaji  volt-amperes  of  three  phases  of  winding  =  3  X  1328 
X  50.2  =  200,000.  It  would  not  be  correct,  in  general,  to  say  that 
the  total  volt-amperes  in  all  the  coils  or  groups  of  the  winding  (as 
1-1-2  +  3  +  4  +  5  +  6)  should  be  equal  to  the  total  volt-amperes 
output  from  the  terminals,  because  it  is  not  always  true  that  the 
e.m.f.'s  of  all  coils  or  groups  in  the  same  phase  of  the  winding  (as 
Si-^i)  are  in  phase  with  each  other,  although  the  current  would 


Tlnw-yh— e 


Una 


Fig.  269.  Polar  vector  diagram  for  armature  in  Fig.  268.  Note  that 
the  voltage  across  each  coil,  at  the  rating  of  Fig.  268,  must  be  664 
volts.  Note  also  that  the  voltages  across  any  two  coils  in  series  as 
SiFi  and  F4SA  are  in  phase. 


be  the  same.  Hence  the  power-factor  might  be  different  for  dif- 
ferent coils,  and,  therefore,  their  volt-amperes  could  not  be  added 
together  arithmetically,  but  must  be  added  together  vectorially. 
In  the  case  just  shown,  we  could  have  checked  just  as  well  by  simply 
adding  arithmetically  the  volt-amperes  in  all  six  groups,  but  only 
because  the  Groups  1  and  4,  which  compose  Phase  1  of  the  winding, 
are  in  phase  with  each  other,  and  so  on.  This  is  not  so  in  some 
cases  which  follow.  The  phase  angle  between  current  and  e.m.f. 
in  each  of  the  three  phases  of  the  winding  is  always  equal  to  the  angle 
whose  cosine  is  the  power-factor  of  the  external  circuit,  whenever 
the  load  is  balanced.  This  equality  does  not  extend  any  further 
than  the  whole  phases,  and  thus  is  not  necessarily  true  for  each 
coil  or  group  of  coils  in  a  phase. 
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Prob.  18-7.  Explain  by  means  of  vector  diagrams  what  results 
would  be  obtained  by  making  the  following  connections  in  Fig.  259. 
A  (a)  ai  to  O],  62  to  &s,  as  to  &i,  junction  points  being  armature 
terminals. 

(6)  &i  to  6s,  02  to  as,  &8  to  a\f  junction  points  being  armature 
terminals. 

(c)  hi  to  &3,  0.%  to  &2,  02  to  ai,  junction  points  being  armature 
terminals. 

(d)  ai,  &2  and  og  together,  others  as  terminals  of  the  armature. 

(e)  61,  &2  and  63  together,  others  as  terminals  of  the  armature. 

Prob.  19-7.  Specify  which  coil  terminals  should  be  connected 
together  and  which  would  be  the  terminals  of  the  armature,  for  a 
star  connection  in  Fig.  259,  and  show  the  simplest  change  by  which 
it  can  be  converted  into  a  delta  connection. 

Prob.  20-7.  If  you  were  given  a  machine  which  was  delta-con- 
nected, and  required  to  reconnect  it  in  Y,  show  how  you  would  tag 
the  terminals  of  each  armatiu*e  group,  and  which  terminals  you 
would  join  together  after  separating  the  original  groups.  Illustrate 
by  sketches  of  the  winding. 

Prob.  21-7.  The  generator  shown  in  Fig.  258  gives  a  voltage  of 
2200  between  any  two  terminals  when  connected  correctly  as  a 
three-phase  delta.  Show  by  sketch  how  you  would  connect  it  up 
in  Y  so  as  to  make  Groups  1  and  2  form  one  phase  of  the  winding, 
Groups  3  and  4  another  phase,  Groups  5  and  6  another  phase.  What 
would  be  the  terminal  e.m.f .  when  so  connected,  and  what  percent- 
age would  be  sacrificed  in  the  maximum  permissible  total  power 
output  of  the  alternator? 

NOTE.  In  the  diagrams  referred  to  in  the  following  problems, 
the  arrows  on  each  coil  indicate  the  direction  of  the  instantaneous 
e.m.f  .  corresponding  to  the  position  shown,  not  the  conventional  positive 
directions;  they  are  put  there  to  aid  the  student  to  see  whether  the 
coils  are  connected  correctly  in  series  or  in  paralleL 

Prob.  22-7.  What  will  be  the  rated  full-load  values  of  amperes 
per  terminal,  volts  between  terminals,  and  total  kv-a.  capacity,  of 
the  same  winding  illustrated  in  Fig.  268  and  specified  in  Exam.  1, 
but  when  connected  as  in  Fig.  270?  (Fig.  271  is  the  corresponding 
vector  diagram.) 

Prob.  23-7.  Solve  Problem  22-7  on  the  basis  of  connections 
shown  in  Fig.  272.     (Fig.  273  is  the  corresponding  vector  diagram.) 
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Fig.  270.    The  armature  of  Fig.  268  reconnected  in  star.    Arrow- 
heads denote  instantaneous  direction  of  e.m.f. 
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Fig.  271.  The  vector  diagram  for  the  armature  as  connected  in  Fig. 
270.  Note  that  the  voltages  in  the  coils  SiFi  and  StFt  are  not  in 
phase,  as  the  voltages  in  SiFi  and  FiSi  of  Fig.  269  were. 
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Prob.  24-7.  Solve  Problem  22-7  on  the  basis  of  connectiozis 
shown  in  Fig.  274.    (Fig.  275  is  the  corresponding  vector  diagram.) 


Rer. 


^^QfBxiilkialB 


®  ®  ® 


Fig.  272.    Another  star  connection  for  the  armature  of  Fig.  268. 

Prob.  25-7.  Solve  Problem  22-7  on  the  basis  of  connections 
shown  in  Fig.  276.     (Fig.  277  is  the  corresponding  vector  diagram.) 


Thrw>  phiBe  Hue 


Fig.  273. 


Polar  vector  diagram  for  the  armature  connected  as  in 

Fig.  272. 


Prob.  26-7.  Solve  Problem  22-7  on-  the  basis  of  connections 
shown  in  Fig.  278.     (Fig.  279  is  the  corresponding  vector  diagram.) 

Prob.  27-7.  From  the  solutions  of  the  five  preceding  problems, 
explain  which  methods  of  connection  should  be  used  to  achieve 
each  of  the  following  results: 
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(a)  Obtain  the  greatest  possible  three-phase  line  current  output 
from  the  given  coils. 


Zermioals 


FiQ,  274.    Another  delta  connection  for  the  armature  of  Fig.  268. 

(b)  Obtain  the  greatest  possible  three-phase  terminal  voltage 
from  the  given  coils. 


r  line 


Fig.  275.    The  topographic  vector  diagram  for  the  armature  connected 

as  in  Fig.  274. 

(c)  Obtain  the  greatest  possible  three-phase  total  load,  in  kv-a. 
from  the  given  coils. 
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Fig.  276.    Another  delta  connection  for  the  ann&ture  of  Fig.  268. 


Three-phMO 


Fig.  277.    The  topographic  vector  diagram  for  the  voltage  of  the 

armature  connected  as  in  Fig.  276. 


Prob.  28-7.  Using  one  group  of  coils  per  phase  per  pole,  redraw 
Fig.  268  and  276  as  they  would  appear  for 
(a)  A  four-pole  machine. 

(6)  A  six-pole  machine,  the  coils  for  different  pairs  of  poles 
to  be  in  series. 

Prob.  29-7.     Solve  Problem  2^-7  for  Jig.  270  and  278. 
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Fig.  278.    The  armature  of  Fig.  268  connected  in  delta  in  still  another 

way. 


Fig.  279.    The  topographic  vector  diagram  of  the  voltage  in  the 

armature  connected  as  in  Fig.  278. 


SUMMARY  OF  CHAPTER  VH 

A  TWO-PHASE  GENERATOR  is  one  which  deUvers  two 
e.m.f.'s  having  equal  value  but  a  phase  difference  of  90  electri- 
cal degrees. 

A  THREE-WIRE  SYSTEM  FOR  DISTRIBUTING  TWO- 
PHASE  E.M.F.'S  can  be  connected  to  an  open  armature  wind- 
ing, but  not  to  a  closed  winding  without  short-circuiting  a  part 
of  the  latter. 

TWO-PHASE  DISTRIBUTING  SYSTEMS  usually  employ 
four  wires.  Four  wires  MUST  be  used  with  closed  armature 
windings. 

A  FOUR-PHASE  SYSTEM  may  be  taken  from  a  dosed  cir- 
cuit winding  tapped  for  two  phases.    In  this  case  the  e.mJ.  of 

each  phase  of  the  two  phases  equals  v2,  or  1.41,  times  the  e.m.f . 
of  each  of  the  four  phases. 

THE  CURRENT  IN  EACH  COIL  OF  A  TWO-PHASE 
GENERATOR  WITH  CLOSED  WINDING,  on  balanced  load, 
equals  0.707  of  the  current  in  each  line  wire. 

UNBALANCING  THE  LOAD,  by  making  either  the  currents 
or  the  power-factors  of  the  phases  unequal,  causes  unequal  cur- 
rents and  unequal  heating  in  the  various  parts  of  the  armature 
winding.  To  avoid  burning  the  insulation  on  any  coils,  the  out- 
put of  the  armature  must  be  reduced  below  the  rated  full-load 
value. 

A  THREE-PHASE  GENERATOR  is  one  which  delivers  three 
e.m.f.'s  having  equal  value  but  a  phase  difference  of  120  electri- 
cal degrees  each  to  each. 

THREE-PHASE  SYSTEMS  are  most  commonly  used 
because 

(1)  The  single-phase  motor  is  difficult  to  start  and  costly 
to  build. 
I  (2)  The  two-phase  system  required  AT  LEAST  three  wires 

I  for  transmission,  one  of  which  carries  1.41  as  much  cur- 

rent as  either  of  the  other  two.  Generally  four  wires  are 
used,  which  makes  the  cost  of  copper  greater  than  in  the 
three-phase  system. 
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» 
(8)  Three-phase  generators  are  most  economicaL    The 
same  windixig  tapped  for  three  phases  delivers  1.60  times 
as  much  power  as  when  tapped  for  single  phase,  and  1.06 
times  as  much  as  when  tapped  for  two  phases. 
THE  THREE-PHASE  GENERATOR  is  usually  star-con- 
nected, though  it  may  be  delta-connected.    The  kilovolt-ampere 
capacity  for  a  given  machine  is  the   same  for  both   con- 
nections.   The  voltage  between  the  terminals  of  a  star-con- 
nected machine  is  Vs,  or  1.73,  times  the  voltage  between  the 
terminals  of  the  same  machine  delta-connected. 


PROBLEMS  ON  CHAPTER  VH 

Prob.  80-7.  Draw  a  sketch  of  a  two-phase  armature  with  a  con- 
tinuous ring  winding  tapped  for  a  six-pole  field. 

Prob.  81-7.  How  many  amperes  flow  in  each  armature  con- 
ductor of  the  machine  of  Problem  30-7  when  it  is  supplying  a  bal- 
anced two-phase  load  of  45  kilowatts  at  90  per  cent  power-factor 
and  230  volts? 

Prob.  82-7.  What  result  would  be  obtained  by  using  a  two-phase 
armature  wound  and  tapped  for  two  poles,  in  a  four-pole  field? 

Prob.  88-7.  What  result  would  be  obtained  by  using  a  two-phase 
armature  wound  and  tapped  for  four  poles,  in  a  two-pole  field? 

Prob.  84-7.  Draw  the  internal  and  external  connections  of  a 
four-phase  ring-wound  armature  (continuous  winding)  tapped  for 
an  eight-pole  field. 

Prob.  85-7.  A  certain  two-pole  ring-wound  arc-lighting  generar 
tor  has  a  rating  of  10  amperes  at  500  volts,  direct  current.  Show 
the  connections  of  the  external  direct-current  circuit  to  the  windings 
through  the  brushes  and  commutator.  Calculate  the  amperes 
flowing  through  each  armature  conductor  at  rated  full  load. 

Prob.  86-7.  Show  how  this  same  winding  of  the  generator  in 
Problem  35-7  would  be  connected  to  dehver  single-phase  alternating 
current,  instead  of  direct  current,  to  the  external  circuit.  Calculate 
how  many  amperes  (effective  value)  harmonic  alternating  current 
could  be  deUvered  to  the  single-phase  circuit  without  overheating 
any  conductor  on  the  armature. 

Prob.  87-7.  Operating  the  machine  of  Problem  36-7  as  an  alter- 
nating-current generator  with  the  same  speed  and  field  flux  as  when 
delivering  direct  current,  calculate  the  voltmeter  reading  at  the 
alternating-current  terminals.  The  alternating  e.m.f.  has  very 
nearly  a  sine  wave-form.  Calculate  the  greatest  kilowatt  load  that 
could  be  taken  from  the  generator  single-phase. 

Prob.  88-7.  If  the  current  in  one  phase  of  the  two-phase  ring- 
wound  alternator  of  Problem  1-7  lags  30  degrees  behind  the  induced 
e.m.f.  in  that  phase,  and  the  current  in  the  other  phase  lags  60  de- 
grees behind  the  induced  e.m.f.  which  produces  it,  each  current  hav- 
ing the  rated  full-load  value  of  50  amperes,  what  is  the  current  in 
each  armature  conductor  or  each  section  of  the  winding?    Assume 
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that  there  is  no  distortion  of  phase  relations  between  the  induced 
e.m.f.'8  due  to  the  armature  reaction.  By  what  percentage  is  the 
heating  in  each  coil  above  or  below  normal  or  rated  value? 

Prob.  89-7.  Can  a  given  ring- wound  alternator  deliver  any  more 
kilowatts  or  kilovolt-amperes  when  tapped  and  loaded  two-phase 
than  when  tapped  and  loaded  single-phase?  Allow  the  same  cur- 
rent in  each  armature  conductor  in  both  cases,  and  the  same  power- 
factor.  In  case  of  the  two-phase,  assume  phases  balanced.  How 
does  the  e.m.f.  on  each  of  the  two  phases  compare  with  that  on  the 
single-phase? 

Prob.  40-7.  Draw  a  diagram  like  Fig.  243  for  a  two-phase  ring- 
wound  two-pole  alternator  delivering  half  of  its  rated  full-load  cur- 
rent of  100  amperes  to  one  phase,  and  one  and  one-half  times  rated 
full-load  current  (or  150  amperes)  to  the  other  phase,  both  loads 
being  non-inductive.  Assmne  the  induced  voltages  to  be  equal  in 
both  phases,  say  250  volts.  Calculate  the  current  in  each  arma- 
ture coil,  phase  angle  between  current  and  e.m.f.  in  each  coil,  and 
power  developed  in  each  coil.  Calcualte  also  the  total  kilowatts 
generated  in  the  two  phases,  and  thus  check  your  solution.  By 
what  percentage  is  the  rate  of  heating  of  each  armature  coil  greater 
or  less  than  it  should  be  at  normal  full  load? 

Prob.  41-7.  In  Fig.  234,  which  coils  in  the  armature  would  be 
overheated,  and  by  what  percentage,  if  both  phases  carried  full- 
load  ciuTent,  but  phase  0262  had  a  power-factor  of  0.50,  lagging, 
while  phase  aibi  had  a  unity  power-factor?  Solve  by  a  diagram 
similar  to  Fig.  246. 

Prob.  42-7.  What  is  the  greatest  permissible  current  output 
from  each  phase  of  a  two-phase  two-pole  ring-wound  alternator, 
rated  230  volts,  100  amperes  per  phase,  both  phases  having  a  power- 
factor  of  86.6  per  cent,  and  with  one  phase  delivering  20  per  cent 
more  current  than'the  other  phase,  without  allowing  any  conductor 
on  the  armature  to  be  heated  faster  than  under  rated  full-load  con- 
ditions? What  per  cent  of  its  rated  total  kilowatts  load  is  the  gener- 
ator carrying  in  this  case? 

Prob.  48-7.  If  the  alternator  specified  in  Problem  14-7  were 
reconnected  in  star  or  Y  for  three-wire  system,  what  would  be  the 
rated  voltage  and  current  output?  If  full-load  current  were  taken 
from  one  pair  of  terminals,  or  one  phase  only,  at  rated  voltage,  at 
what  percentage  of  its  rated  full-load  kv-a.  would  this  generator 
be  working?  The  average  watts  PR  loss  in  the  whole  armature 
would  then  be  what  percentage  of  the  normal  full-load  value? 
Load  is  non-inductive. 
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Prob.  44-7.  What  are  the  greatest  amperes  and  kv-a.  that  could 
be  taken  from  a  single  pair  of  terminals  of  the  alternator  of  Problem 
43-7  when  star-Ksonnected? 

(a)  On  the  supposition  that  the  watts  PR  heating  in  no  single 
armature  conductor  shall  be  greater  than  at  rated  full  load. 

(6)  On  the  supposition  that  the  total  or  average  watts  I^R 
heating  in  the  entire  armature  shall  not  be  greater  than  at 
rated  full  load. 

Prob.  45-7.  Draw  a  com- 
plete vector  diagram  for  a 
three-phase  star-connected 
alternator,  rated  50  kv-a., 
2200  volts,  loaded  with  full- 
load  current  from  one  pair 
of  terminals  only,  (a)  at 
unity  power-factor,  and  (6) 
at  86.6  per  cent  power- 
factor,  lagging.  In  each 
Fig.  280.  Diagram  of  a  delta-con-  case,  calculate  the  power 
nected  armature.  developed  in  each  section  or 

phase  of  the  armature  wind- 
ing, and  find  whether  the  sum  of  these  checks  with  the  total 
power  developed  at  the  single-phase  terminals.  Is  any  section 
of  the  armature  winding  being  heated  at  an  excessive  rate?  If 
so,  which  one,  and  by 
what  percentage  above 
normal  rate?  Explain 
the  meaning  of  your 
results  exactly,  by  means 
of  a  sketch  of  the  wind- 
ing. 

Prob.  46-7.  In  chang- 
ing the  phases  of  the 
armature  winding  shown 
in    Fig.    280    from   the  Fig.  281.    Diagram  of  the  way  in  which 


armature  of  Fig.  280  was  reconnected  for 
a  star  arrangement. 


delta  connection  to  the 
Y  connection,  the  latter 
connection  is  made  as 
represented  diagrammatically  in  Fig.  281.  The  machine  was  rated 
50  kv-a.,  2200  volts  when  delta-connected.  What  will  be  the  volt- 
age across  each  pair  of  terminals  in  Fig.  281.  How  would  you 
remedy  the  difficulty? 
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Prob.  47-7.  A  Y-connected  three-phase  alternator  armature  is 
to  be  altered  to  the  delta  connection.  The  armature  coils  Ay  B,  C 
were  originally  connected  as  in  Fig.  282a.  Fig.  282  b,  c,  d  and  e 
represent  four  possible  couplings  of  the  coils  for  mesh  connection. 
Which  of  these  connections  are  correct  and  which  incorrect? 

• 

Why?    Illustrate  by  vector  diagrams  what  results  would  be  ob- 
tained in  each  case. 

Prob.  48-7.  In  reconnecting  the  generator  of  Problem  21-7 
after  making  repairs,  the  Y  connections  are  made  correctly  to  give 
greatest  output,  except  that  coils  1  and  4  are  connected  opposing 
instead  of  helping  each  other.    Show  such  connections  by  a  dcetch, 

(a) 


'•rmiul  Bottrdfe 


600 


Armature 
CoiU 


^        —        i* 


ABC 


ABC 


ABC 


Fig.  282.    In  changing  the  star  connection  of  (a)  to  a  delta  connection, 
which  arrangements,  (b),  (c),  (d),  or  (e),  are  correct? 


and  explain  by  aid  of  a  vector  diagram  what  effects  will  be  pro- 
duced on  the  terminal  voltages  of  the  several  phases. 

Prob.  49-7.  If  the  correct  delta  connections  between  phases 
were  made  on  the  machine  in  Problem  21-7  to  give  greatest  out- 
put, but  coils  1  and  4  happened  to  be  joined  together  opposing 
instead  of  aiding  each  other,  what  would  be  the  results?  Illustrate 
the  connections  and  results  by  a  sketch  and  a  vector  diagram. 

^Prob.  60-7.  A  certain  six-pole  two-phase  generator,  with  open 
windings,  rated  230  volts,  30  kv-a.,  has  altogether  72  identical  equi- 
distant coils  in  its  armature  winding.  What  is  the  phase  difference 
between  adjacent  coils?  How  many  coils  per  pole  per  phase? 
What  is  the  e.m.f .  across  each  coU  at  rated  full  load,  assuming  sine 
wave  of  e.m.f .  in  each  coil?  How  would  you  rearrange  the  connec- 
tions between  the  coils  so  as  to  get  a  three-phase  winding?  How 
many  coils  per  pole  per  phase  would  there  then  be?  lUustrate  by 
vector  diagrams  and  sketches. 
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Prob.  61-7.  After  the  alternator  of  Problem  50-7  haa  been  re- 
connected for  three-pha^  power,  what  would  be  its  rated  amperes 
output  per  Ime  wire,  rated  volts  between  line  wires,  and  rated  total 
kv-a.  capacity: 

(a)  If  the  three  phases  were  Y-connected? 

(6)  If  the  three  phases  were  delta-connected? 

The  speed  is  fixed,  by  the  driving  engine  and  the  frequency 
required  by  the  apparatus  connected  to  the  distributing  system. 
The  flux  per  pole  cannot  be  increased  .without  excessive  losses 
and  heating  in  the  armature  iron  and  in  the  field  copper,  and  it 
cannot  be  decreased  without  losing  some  power  capacity  and 
making  the  armature  reaction  greater  and  the  voltage  regulation 
poorer.  The  volts  per  coil  are  therefore  just  the  same  as  before 
the  change  of  connections.  Assmne  each  coil  to  generate  a  sine 
wave  of  e.m.f .    Illustrate  your  solution  by  vector  diagrams. 

Prob.  62-7.  What  is  the  least  total  number  of  similar  coils,  uni- 
formly distributed  around  the  armature,  that  an  alternating-current 
generator  or  motor  with  six  poles  may  have,  without  making  it 
impossible  to  change  the  machine  from  two-phase  to  three-phase 
by  simply  rearranging  the  connections  between  coils?  How  many 
coils  per  pole?  If  the  machine  had  a  three-phase  rating  of  7.5  kv-a., 
230  volts,  and  was  Y-connected,  what  would  be  its  two-phase  rating, 
in  amperes  and  volts  per  phase,  and  total  kv-a.?  Illustrate  solution 
by  sketches  of  internal  connections,  and  vector  diagrams. 

Prob.  63-7.  Draw  a  four-pole  alternator  with  24  similar  and 
equidistant  armature  coils,  connected  together  for  two  phases  with 
open  winding.  Note  how  this  is  done  in  Fig.  266  for  a  two-pole 
machine.  If  each  coil  produces  a  sine  wave  of  e.m.f.  of  50  volts 
effective  value  and  can  carry  20  amjjeres  without  overheating,  what 
is  the  e.m.f.  between  the  terminals  of  each  phase,  and  the  total  kv-a. 
capacity  when  so  connected? 

Prob.  64-7.  Draw  a  sketch  of  connections  for  the  alternator  of 
Problem  53-7  as  a  three-phase  machine,  delta-connected.  Calcu- 
late the  amperes  output  per  terminal,  volts  between  terminals,  and 
total  kv-a.  capacity. 

Prob.  66-7.  (a)  How  would  you  reconnect  the  24  similar  and 
equidistant  armature  coils  of  a  60-cycle  1200-r.p.m.  two-phase 
alternator  so  as  to  make  it  deliver  three-phase  power?  (6)  How 
would  you  do  it  if  the  machine  has  36  coils? 

Prob.  6^7.  What  is  the  greatest  voltage  that  it  would  be  prac- 
ticable to  get,  three-phase,  by  reconnecting  a  single-phase  alternator 
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rated  60  cycles,  1800  r.p.m.,  7.5  kv-a.,  220  volts.    As  a  single-phase 
machine  the  armatxu^  has  an  open  winding  consisting  of  36  similar 

7d  equidistant  coils,  connected  all  in  series. 
Prob.  57-7.  A  60-cycle  900-r.p.m.  three-phase  alternator  has  96 
armature  coils,  all  similar  and  equidistant.  It  is  rated  100  kv-a., 
2300  volts,  and  is  Y-cohnected.  How  many  coils  per  pole  per  phase? 
What  is  the  phase  difference  between  the  e.m.f.'s  of  adjacent  coils? 
If  each  coil  delivers  an  e.m.f.  of  approximately  sine  wave-form, 
what  is  its  effective  value  in  volts?  What  is  the  current  which  each 
coil  can  carry  without  overheating,  at  rated  full  load? 

Prob.  68-7.  With  the  same  speed  and  field  excitation,  what 
volts,  amperes  and  kv-a.  would  the  alternator  of  Problem  57-7  de- 
liver if  reconnected  for  single-phase,  open  winding?  Draw  a  vector 
diagram  and  a  sketch  to  iUustrate. 

Prob.  5&-7.  Solve  Problem  28-7  for  Fig.  272  and  274. 

Prob.  60-7.  How  would  the  three  delta  windings  shown  in 
Fig.  274,  276,  278  compare  with  each  other  as  to  the  weight  of 
copper  required  to  deliver  any  specified  voltage  and  current  at  the 
terminals,  with  the  same  total  PR  loss  in  the  entire  armature  wind- 
ing, and  the  same  frequency,  number  of  poles  and  useful  flux  per 
pole  in  each  case?  Choose  any  convenient  values  of  E,  /  and 
total  PR;  if  the  chosen  values  are  adhered  to  throughout  the  calcu- 
lation, they  will  not  affect  the  comparative  results. 

Prob.  61-7.  Solve  Problem  60-7  for  the  three  star  windings 
shown  in  Fig.  268,  270  and  272. 

Prob.  62-7.  The  statement  is  made  that  the  best  delta  arrange- 
ment of  winding  requires  73  per  cent  more  inductors  (and  corre- 
spondingly greater  active  length  of  conductor  in  the  winding),  each 
of  58  per  cent  greater  size,  than  the  best  star  arrangement  of  the 
same  coils,  to  deliver  the  same  amperes  and  volts  at  the  three-phase 
terminals,  with  the  same  total  PR  loss  in  the  winding.  Prove 
whether  or  not  this  statement  is  true. 

Prob.  63-7.  Windings  are  sometimes  designed  so  that  when  one 
type  of  connection  is  used  between  groups  of  coils,  the  machine  will 
deliver  11,000  volts,  three-phase,  and  when  the  connections  between 
groups  are  changed  to  another  type,  the  same  machine  operating 
with  practically  the  same  flux  and  speed  will  deliver  6600  volts, 
three-phase.    Illustrate  by  sketches  how  this  may  be  done. 

Prob.  64-7.  How  many  kv-a.  could  be  taken  continuously  by  a 
single-phase  external  circuit  connected  between  two  of  the  three 
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terminals  of  the  alternator  in  Fig.  268,  rated  as  in  Example  1? 
Assume  that  the  terminal  voltage  can  be  kept  up  to  the  rated  three- 
phase  value  without  requiring  excessive  field  current;  and  that  the 
current  output  is  limited  by  the  heating  of  any  single  coil.  This  is 
generally  true  in  practice,  especially  in  large  generators,  it  being 
possible  to  bum  out  a  single  coil  or  group  of  coils  completely  with- 
out seriously  damaging  the  adjacent  coils. 

Prob.  65-7.  How  many  kv-a.  can  be  taken  single-phase  from 
the  machine  specified  in  the  example  of  Paragraph  88,  when  the 
windings  are  arranged  as  in  Fig.  270,  and  on  the  assumptions  speci- 
fied in  Problem  64r-7? 

Prob.  66-7.  Solve  Problem  65-7  for  the  same  windings  arranged 
as  in  Fig.  272. 

Prob.  67-7.  Solve  Problem  65-7  for  the  same  windings  arranged 
as  in  Fig.  274. 

Prob.  68-7.  Solve  Problem  65-7  for  the  same  windings  arranged 
as  in  Fig.  276. 

Prob.  69-7.  Solve  Problem  65-7  for  the  same  windings  arranged 
as  in  Fig.  278. 

Prob.  70-7.  If  the  alternator  specified  in' the  example  of  Para- 
graph 88  were  delivering  a  balanced  load  of  100  kv-a.  at  80  per  cent 
power-factor  to  three-phase  induction  motors,  how  much  single- 
phase  lamp  load  at  unity  power-factor  could  it  carry  in  addition 
continuously  across  one  pair  of  terminals,  on  the  assumptions  speci- 
fied in  Problem  64r-7. 

Prob.  71-7.  If  the  alternator  of  Problem  70-7  wefe  connected 
as  in  Fig.  274  and  were  delivering  a  balanced  load  of  150  kv-a.  at 
87  per  cent  power-factor,  lagging,  to  a  transmission  Une,  how  much 
single-phase  load  at  65  per  cent  power-factor,  lagging,  could  it 
carry  in  addition  across  one  pair  of  terminals,  on  the  assumptions 
specified  in  Problem  64-77 


CHAPTER  VIII 
THE  GENERATION  OF  PROPER  E.M.F.  WAVE-FORM 

The  great  importance  of  proper  e.m.f.  wave-form  was  not  fully 
appreciated  before  large  power  plants  and  long-distance  and  high- 
voltage  transmission  lines  became  necessary.  It  is  difficult,  and 
often  impossible,  to  operate  alternating-current  machines  inter- 
connected on  the  same  system  unless  they  all  generate  very  nearly 
the  same  wave-form  of  e.m.f.  A  very  slight  departure  from  a  sine 
wave-form  of  e.m.f.  causes  to  flow  between  the  parts  of  the  system 
heavy  currents  which  are  reactive  in  the  sense  that  they  deliver 
no  power  except  the  heat  loss  that  they  produce  in  the  conductors. 
Moreover,  the  effects  of  an  alternating  e.m.f.  upon  a  circuit  cannot 
be  calculated  accurately  or  conveniently  miless  it  varies  according 
to  the  simple  sine  law.  Therefore,  the  first  and  most  necessary  con- 
sideration about  an  alternator  is  that  it  shall  generate  very  nearly  a 
sine  wave  of  e.m.f . ;  and  as  considerable  variations  of  wave-form  may 
be  produced  by  differences  in  construction  and  method  of  operation, 
or  even  by  such  a  usual  fact  as  wearing  of  the  bearings,  it  is  desirable 
for  us  to  study  this  subject  briefly. 

The  wave-form  of  e.m.f.  depends  upon  the  way  in  which  the  mag- 
netic flux  is  distributed  around  the  poles,  and  the  way  in  which 
fhe  inductors  in  each  path  are  distributed  over  the  surface  of  the 
armature.  The  actual  form  of  the  wave  representing  the  variation 
of  e.m.f.  and  current  in  any  circuit  from  instant  to  instant  is  easily 
measured  by  means  of  several  devices,  and  in  fact  may  be  automatic- 
ally drawn  or  traced  out  on  a  screen  or  on  a  photographic  film,  by 
the  particular  instnunent  known  as  the  "oscillograph."  Fig.  285 
to  288  are  copies  of  oscillographic  records  taken  from  op>erating 
machinery  and  presented  in  Proceedings  A.I.E.E.,  Feb.,  1913,  by 
W.  J.  Foster. 

89.  Actual  Waye-forms,  by  Test,  Showing  Effects  of  Shaping  the 
Poles.  The  effect  upon  e.m.f.  wave-form  due  to  changing  the  shape 
of  pole  faces  is  illustrated  in  curves  of  Fig.  285,  286  and  287  taken 
on  a  6Q-cycle  150-kw.  660(>-volt  three-phase  belt-driven  generator. 
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The  only  changes  made  between  these  several  records  were  on  the 
pole  faces,  the  air  gap  being  slightly  increased  and  the  pole  tips 
beveled  off  between  records  285  and  286,  and  the  curvature  of  the 


^^w^ 


Fig.  285. 


(a)  (b) 

The  unbeveled  pole  tips  in  (a)  produce  the  ragged  curve 
of  e.m.f.  shown  in  (b). 


pole  faces  being  made  smoother  between  records  286  and  287.  The 
effects  upon  wave  shape  are  seen  to  be  tremendous  —  abnormal, 
in  fact  —  due  to  the  relatively  large  ratio  between  width  of  slot 
and  length  of  air  gap  which  existed  in  this  particular  alternator. 
All  three  curves  were  taken  at  zero  load. 


(a)  (b) 

Fig.  286.  The  pole  tips  of  Fig.  285  have  been  beveled  to  the  shape 
shown  in  (a).  The  resulting  smoothing  of  the  e.m.f.  curve  is  shown 
in(b). 


The  same  general  effects  are  illustrated  by  Ilg.  288a  and  288b, 
taken  from  an  18-kv-a.  25-cycle  750-r.p.m.  three-phase  110-volt 
alternator,  operating  without  load.  In  Fig.  288a  the  radius  of 
curvature  of  the  faces  of  the  revolving  poles  was  S\  inches,  whereas 
in  fig.  288b  this  radius  was  cut  down  to  7|  inches,  this  being  the 
only  change.    This  not  only  increased  the  difference  between  the 
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air  gap  at  the  center  and  at  the  tips  of  the  pole,  causing  the  flux  to 
concentrate  rather  more  at  the  center  of  the  poles  and  tend  to  stay 
there  against  the  redistributing  or  distorting  effect  of  the  armature 
currents,  but  there  was  also  an  increase  in  the  actual  average  length 


^^Wiq 


(a)  (b) 

Fig.  287.  The  curvature  of  the  beveled  pole  tips  of  Fig.  286  has  been 
smoothed  to  (a)  and  the  curve  of  e.m.f.  becomes  much  smoother 
as  is  shown  in  (b). 

of  the  air  gap  and  in  the  ratio  of  air  gap  to  slot  width.  The  smooth- 
ing-out  of  the  no-load  e.m.f.  curve  is  due  principally  to  the  latter 
cause.  The  reason  will  be  seen  from  inspection  of  Fig.  289a  and 
289b,  which  show  how  the  effective  sectional  area  of  the  magnetic 
path  for  the  flux  through  the  air  gap  and  teeth  into  the  steel  core 


(a)  (b)  (c) 

Fig.  288.  The  e.m.f.  curve  (a)  was  taken  and  then  the  radius  of  curva- 
ture of  the  pole  face  was  made  one-half  inch  less,  and  the  e.m.f. 
curve  (b)  resulted.    At  full  load  the  curve  (b)  becomes  curve  (c). 

of  the  armature  varies  from  instant  to  instant  as  the  armature  ro- 
tates, and  the  number  of  teeth  under  the  pole  face  changes.  The 
change  is  usually  small  and  is  purposely  exaggerated  in  the  sketch 
to  make  it  clear;  nevertheless  the  reluctance  of  the  path  of  the  flux 
through  the  air  gap  and  teeth  is  actually  caused  to  change  periodic- 
ally at  a  high  frequency.    This  produces  a  corresponding  periodic 
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pulsation  in  the  strength  of  the  useful  flux  and,  therefore,  in  the  in- 
duced e.m.f.,  the  frequency  of  the  fluctuation  depending  upon  the 
speed  of  the  machine  and  the  number  of  teeth,  and  the  amount  of 
fluctuation  depending  upon  the  ratio  of  change  in  the  magnetic 
reluctance.  This  fluctuation  of  induced  e.m.f.  appears  as  ripples 
in  the  e.m.f.  wave,  fine  ones  if  the  number  of  teeth  or  slots  per  pole 
is  large,  and  long  ones  if  this  niunber  is  small.  If  we  make  the  air 
gap  longer  while  keeping  the  number  of  slots  per  pole  unaltered, 
it  is  seen  that  the  magnetic  reluctance  of  air  gap  and  teeth  is  greater, 
hence,  the  same  actual  fluctuation  produces  a  relatively  less  effect 
upon  the  useful  flux  and  induced  e.m.f.,  and  the  ripples  are  smoothed 
out.  Fig.  288c  was  taken  from  the  same  machine  carrying  its 
rated  full  load  at  unity  power-factor,  the  pole  face  being  same  as  in 


(a)  (b) 

Fig.  289.  By  comparing  (a)  and  (b)  it  will  be  seen  that  the  path  of 
the  flux  from  pole  to  armature  is  ever  changing  as  the  armature 
teeth  and  slots  pass  the  pole  face.  This  causes  the  ripples  in  the 
e.m.f.  curve  of  Fig.  288  (a). 

Fig.  288b.  Practically  all  traces  of  the  original  ripples  have  been 
smoothed  out.  This  effect  of  load  upon  wave-form  of  e.m.f.  is 
quite  complex  and  not  always  the  same.  In  this  case  the  wave 
is  smoothed,  but  sometimes  the  distortion  of  flux  due  to  loading  is 
such  that  the  wave  is  made  more  irregular  than  at  zero  load.  The 
inductive  reactance  of  the  armature,  as  well  as  the  saturation  of  the 
teeth,  affect  the  result. 

90.  Calculation  of  Wave-form.  Flux  Radial  and  Uniform  from  Each 
Pole.  Let  us  represent  graphically  the  variations  of  e.m.f.  induced  in  a 
single  inductor  on  the  two-pole  60-cycle  3600-r.p.m.  alternating- 
current  generator  shown  in  Fig.  214,  on  the  basis  of  a  uniform  flux 
density  of  60,000  lines  per  square  inch  in  the  air  gap,  an  armature 
diameter  of  6  inches,  and  an  active  length  of  12  inches  for  each 
armature  inductor.  Assume  the  flux  to  pass  radially  into  the 
armature  core,  without  any  fringing  at  the  pole  tips.    Following 
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any  one  chosen  inductor,  say  that  labeled  1,  through  successive 
marked  positions  ^  cycle  apart,  we  see  that 

From  position  1  to  position  3,  e.m.f.  =  0.0  volt. 

From  position  3  to  position  11,  e.m.f.  is  constant  at  a  value  of 


60,000  X  (3.14  X  6"  X  3600)  X  12 


10»  X60 


ft 

-  volts  =  +  8.15  volts, 


in  a  direction  out  of  the  paper  toward  the  reader, 
from  position  11  to  position  15,  e.m.f.  =  0.0  volts. 
From  position  15  to  position  23,  e.m.f.  =  —  8.15  volts,  away  from 

the  reader. 
From  position  23  to  position  1,  e.m.f.  =  0.0  volt,  completing  one 

cycle. 
Plotting  these  e.m.f.  *s  as  ordinates  with  respect  to  positions  as 
abscissas,  we  get  the  heavy  line  in  Fig.  290,  which  is  the  form  of 
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Fig.  290.  The  wave-form  produced  in  concentrated  armature  wind- 
ings with  flux  uniformly  distributed  over  pole  face  and  passing 
radially  into  the  armature. 


tt 


e.m.f.  wave"  induced  in  each  single  inductor  on  this  armature. 
If  ten  inductors  or  ten  turns  of  winding  were  bound  closely  together 
into  a  bundle  or  coil,  forming  what  would  be  called  a  concentrated 
winding,  the  total  e.m.f.  for  the  entire  bundle  or  coil-side  would  be 
10  X  8.15  =  81.5  volts  instead  of  8.15  volts,  but  the  form  of  the 
8.m.f.  wave  would  be  exactly  the  same. 
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91.  Effects  of  Fringiiig  of  Flux  and  of  Armature  Reaction.    In  the 

actual  machine,  the  flux  would  always  spread  out  or  stray  somewhat 
near  the  pole  tips,  so  that  the  e.m.f.  would  not  begin  and  end  ab- 
ruptly, but  gradually,  as  indicated  approximately  by  the  dotted 
lines  in  Fig.  290.  Moreover,  when  the  circuit  is  completed  exter- 
nally and  the  generator  delivers  load,  the  magnetic  effect  of  current 
flowing  through  the  armature  wires  would  not  only  change  the 
value  of  the  flux,  but  also  distort  it  somewhat,  shifting  it  away  from 
the  leading  pole  tip  and  making  the  density  correspondingly  greater 
near  the  trailing  tip.*  The  e.m.f.  induced  as  the  inductor  passes 
through  any  point  is  equal  to  the  rate  of  cutting  flux  at  that  point. 
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Fig.  291.  The  current  flowing  through  the  armature  conductors  may 
cause  the  flux  to  be  crowded  into  the  *'  trailing"  pole  tips  as  this 
curve  shows.  The  e.m.f.  curve  of  Fig.  290  would  then  assiune  this 
same  shape. 

As  the  speed  is  constant,  the  form  of  the  e.m.f.  curve  will  be  exactly 
the  same  as  that  of  a  flux  curve,  which  shows  flux  density  (as  ordi- 
nate) at  each  position  (as  abscissa).  The  effect  of  loading  the 
generator  then,  will  be  to  change  the  form  of  the  ciure  in  Fig.  290 
(representing  either  distribution  of  flux  or  values  of  e.m.f.  induced, 
according  to  the  scale  of  ordinates  used)  to  some  other  form  like  Fig. 
291.  The  amount  of  change  depends  upon  the  extent  to  which 
armature  reaction  affects  the  useful  flux,  which  again  depends  upon 
the  relation  of  the  amperes  and  turns  in  the  armature  winding  to  the 
ampere-turns  in  the  fleid  winding,  distribution  of  armature  winding, 

*  The  leading  pole  tip  is  the  tip  which  the  conductor  first  comes 
under  when  it  reaches  the  pole. 
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and  power-factor  of  load.  Note  that  the  e.m.f.  gradually  increases 
as  the  inductor  approaches  the  trailing  tip  of  the  pole  where  the 
flux  is  most  dense. 

92.  Effects  of  Shaping  the  Pole  Tips.  In  an  effort  to  reduce  the 
amount  of  this  flux  distortion  due  to  magnetic  reaction  of  the  loaded 
armature,  and  to  make  the  generated  e.m.f.  approach  more  closely 
to  a  sine  wave,  the  face  of  the  pole  is  often  given  a  radius  of  curva- 
ture differing  from  that  of  the  armature,  or  the  tips  of  the  poles  are 
beveled  somewhat,  as  illustrated  in  Fig.  293  and  292,  respectively. 
The  flux  resists  being  crowded  to  the  trailing  pole  tips  of  the  genera- 
tor, because  this  would  require  more  of  it  to  pass  through  a  longer 
air  gap,  and  flux  always  tends  to  choose  the  path  whose  magnetic 
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Fig.  292.  A  pole  face  with  a  cur- 
vature less  than  that  of  the  arma- 
ture, causing  higher  flux  density 
under  the  middle  of  the  pole,  and 
less  distortion  of  flux  and  e.m.f. 
due  to  load. 


Fig.  293.  A  beveled  pole  face 
showing  lines  crowded  toward 
center  of  pole.  It  is  more  diffi- 
cult to  crowd  these  lines  into 
one  tip  because  of  the  greater 
reluctance  at  the  tips. 


reluctance  is  least,  just  as  current  tends  to  prefer  a  circuit  whose 
resistance  or  impedance  is  least.  The  effect  of  such  cutting  of  pole 
tips  upon  flux  distribution  and  the  form  of  e.m.f.  wave  generated 
is  represented  by  Fig.  294.  In  some  concentrated  windings  for 
ahemators,  the  form  of  e.m.f.  wave  is  controlled  entirely  by  shaping 
the  pole  pieces;  but  in  most  modem  machines  the  series  inductors 
in  each  phase  or  circuit  of  the  armature  winding  are  distributed  in 
at  least  two  or  three  slots  under  each  pole,  and  the  effects  of  this 
distribution  of  winding,  or  widening  of  the  armature  coils  into 
bands  of  conductors,  upon  the  form  of  e.m.f.  wave,  is  very  marked, 
and  is  most  commonly  employed  to  produce  a  close  approximation 
to  a  sine  wave-form. 

98.  Actual  Wave-forms  Showing  Effects  of  Distributing  the  Wind- 
ings.    The  effect,  upon  the  wave-form  of  induced  e.m.f.,  produced 
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by  distributing  the  winding  in  different  numbers  of  slots  per  pole, 
is  illustrated  in  Fig.  295a,  b  and  c,  these  being  reproductions  of 
oscillographic  records  taken  at  no-load  from  a  3000-kv-a.  three- 


EmM*P»  *t' 


E«M«f  •  — 


^U  A  A  A  lU  A  A  iJrn 


Fig.  294.  The  effect  upon  the  e.m.f.  of  beveling  the  pole  tips.  The 
e.m.f.  is  much  greater  when  the  conductor  is  passing  the  center  of 
the  pole  than  when  passing  the  tips. 

phase  star-connected  6600-volt  alternator.  Fig.  295a  shows  the 
e.m.f.  wave  when  the  winding  (of  each  phase)  is  concentrated  in  one 
slot  per  pole  per  phase.  In  Fig.  295b  it  is  distributed  in  two  slots 
per  pole  per  phase,  and  the  wave  is  seen  to  be  generally  smoother. 


(a)  (b)  (c) 

Fia.  295.    The  e.m.f.  curve  with  the  windings  concentrated  in  one 

slot  is  shown  in  (a),  in  two  slots  in  (b)  and  in  three  slots  in  (c). 

In  Fig.  295c  the  winding  is  still  further  distributed  in  three  slots 
per  pole  per  phase,  and  the  e.m.f.  curve  is  quite  smooth.  These 
curves  are  not  all  to  the  same  scale. 

94.   Exploring-coil  Method  of  Finding  Wave-forms  of  E.M.F.  in  a 
Single  Coil.    The  distribution  of  flux  under  the  poles  of  the  machine 
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is  usually  explored  by  measuring  the  wave  of  e.m.f.  induced  in  an 
"exploring  coil"  or  separate  concentrated  winding  wound  in  one  of 
the  slots  under  each  pole,  alongside  the  regular  winding.  The  form 
of  the  curve  between  time  and  e.m.f.  induced  in  such  a  coil  is  ex- 
actly the  same  as  the  curve  between 
corresponding  position  and  flux  density 
in  that  part  of  the  air  gap  through 
which  the  coil  is  passing  (if  the  speed 
of  rotation  is  exactly  constant,  as 
usual).  Fig.  296  is  an  oscillographic 
record  of  the  wave  of  e.m.f.  induced 
in  an  exploring  coil  on  a  1400  kv-a. 
60-cycle  three-phase  10,000-volt  alter- 
nator, the  coil  being  wound  so  as  to 
span  the  full  pole  pitch  of  12  teeth,  or 
80  that  its  sides  were  exactly  under  Fig.296.  The  e.m.f .  curve, 
the  centers  of  adjacent  poles  at  the  ^atgn  by  means  of  an  ex- 
same  instant.  Notice  first  the  saw-  pioring  coil,  of  a  10,000- 
tooth  fluctuations  of  high  frequency  volt  generator, 
in  the  e.m.f.  wave  due  to  the  pulsations 

of  flux  caused  by  the  teeth  passing  under  the  pole  faces.  These 
could  be  reduced  in  amplitude  or  smoothed  out  by  making  the  air 
gap  greater  or  the  number  of  slots  per  pole  greater.  Notice  also 
the  generally  flat-top  appearance  of  the  wave  similar  to  Fig.  290 
for  a  concentrated  winding;  also,  the  comparatively  wide  neutral 


(a)  (b)  (c) 

FiQ.  297.  The  curve  (b)  shows  the  effect  of  a  load  with  a  leading 
power-factor  upon  the  generator  voltage.  The  curve  (c)  shows 
how  this  curve  was  affected  by  the  use  of  a  compensating  coil 
wound  on  the  field  structure. 


zones  where  the  inductors  cut  no  flux  and  the  e.m.f.  is  practically 
zero. 

96.  Actual  Wave-forms  Showing  Effects  of  Loading  an  Alternator. 
Fig.  297a  and  297b  illustrate  the  effect  of  load  upon  the  terminal 
e.m.f .  of  an  alternator,  and  Fig.  297c  shows  how  this  effect  is  neu- 
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tralized  by  use  of  a  compensating  coil  wound  on  the  field  structure. 
The  machine  on  which  these  curves  were  obtained  was  a  50-kv-a. 
60-cycle  single-phase  alternator,  having  a  cylindrical  revolving  field 
or  rotor.  The  load  was  a  condenser,  such  as  an  underground  cable 
unloaded,  taking  an  almost  wholly  reactive  charging  current  from 
the  generator  (see  Second  Course,  Chapter  V). 

In  general,  the  same  three-phase  winding  will  give  an  e.m.f .  wave 
more  nearly  approaching  a  sine  curve,  between  the  terminals,  when 
the  phases  are  Y-connected  than  when  delta-connected.  Fig.  298a 
is  a  copy  of  the  oscillograph  record  of  terminal  e.m.f .  at  zero  load  on 
a  Y-connected  three-phase  generator,  rated  2100  kv-a.,  60  cycles, 
while  Fig.  298b  is  for  the  same  machine  delta-connected. 

96.  Calculation  of  Waye-form,  Showing  Effects  of  Distritmting 
the  Windings.    The  e.m.f.  between  two  terminals  of  an  alter- 


FiG.  298.  a  is  the  e.m.f.  curve  of  a  Y-connected  alternator.  6  is 
the  e.m.f.  curve  of  the  same  generator  A-connected.  Note  the  fact 
that  the  Y-oonnection  gives  the  much  smoother  curve. 

nating-current  generator  at  any  given  instant  is  equal  to  the 
sum  of  all  the  e.m.f. 's  wliich  are  being  induced  at  that  instant 
in  the  individual  inductors  that  are  in  series  on  the  armature  be- 
tween these  terminals.  This  siun  is  an  algebraic  sum,  having  regard 
to  the  directions  around  the  circuit  of  the  component  instantaneous 
e.m.f. 's  in  the  various  inductors.  At  all  instants,  except  two  in 
each  cycle  (corresponding  to  the  maximum  values  of  e.m.f.  illus- 
trated in  Fig.  215  and  217),  some  of  the  inductors  in  each  of  the 
parallel  paths  between  collecting-rings  will  have  e.m.f. 's  opposed  to 
those  in  the  other  inductors  of  the  same  path.  In  fact,  the  aero 
values  of  e.m.f.  between  rings  are  due  to  cancellation  of  opposite 
and  equal  e.m.f. 's  in  series,  and  not  to  inactivity  of  the  inductors. 
To  illustrate  the  effect  of  distribution  of  winding  upon  wave- 
form of  e.m.f.  let  us  find  the  curve  of  e.m.f.  produced  between 
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the    collecting-rings   in   Fig.  211,   under    the   following    simple 
conditions: 

(a)  When  there  is  only  one  turn  per  coil  or  per  pair  of  slots, 

or  one  inductor  per  slot. 
(6)  When  the  flux  distribution  is  such  as  to  induce  an  e.m.f. 
wave  of  the  rectangular  form  illustrated  by  Fig.  290  (heavy 
line),  in  each  inductor, 
(c)  When  the  total  niunber  of  equidistant  slots  on  the  armsr 
ture  is  equal  to  48,  of  which  only  2  per  pole,  or  8  altogether, 
are  in  use  for  this  winding. 
Curve  299a  represents  the  e.m.f.  induced  in  the  inductor  in  one 
slot;  curve  299b,  the  e.m.f.  induced  in  the  conductor  in  the  adjacent 
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Fig.  299. 

Curve  of  e.in.f.  induced  in  one  slot. 

Curve  of  e.m.f.  induced  in  adjacent  slot. 

Curve  of  resultant  e.m.f.,  two  adjacent  inductors  in  series. 


slot  under  the  same  pole,  which  is  in  additive  series  with  the  former, 
as  may  be  seen  by  inspection  of  the  connections  in  Fig.  211.  The 
e.m.f.  in  conductor  h  attains  its  maximum  value  later  than  the  e.m.f . 
in  conductor  a,  but  persists  longer  before  it  decreases  again  to  zero; 
in  fact,  there  is  a  "difference  of  phase"  between  e.m.f.'s  a  and  6, 
this  difference  being  the  time  necessary  to  pass  from  the  middle  of 
one  slot  to  the  middle  of  the  adjacent  slot.  Since  there  are  alto- 
gether 48  slots  under  2  pairs  of  poles,  or  24  slots  per  cycle,  the  slot 
pitch,  or  distance  between  adjacent  slots,  is  ^  of  180  mechanical 
degrees,  represented  by  ^^  of  360  electrical  degrees  in  a  four-pole 
machine,  or  15  electrical  degrees  or  time  degrees.  Curve  b  is  shown 
displaced  by  this  amount  with  respect  to  curve  a.    The  ordinate  of 
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curve  r  is  at  all  points,  positions  or  instants,  equal  to  the  (algebraic) 
sum  of  the  ordinates  of  curves  a  and  h  at  the  same  instant.  The 
winding  consists  of  two  inductors  under  each  pole  located  with 
respect  to  each  other  and  to  the  pole  as  o  and  6  are.*  Hence  for  the 
four-pole  machine  here  considered,  the  form  of  the  curve  of  total 
e.m.f.  between  rings  will  be  as  developed  in  curve  r,  Fig.  299.  Each 
ordinate,  however,  will  be  four  times  as  great,  since  there  would  be  a 
pair  of  conductors  in  a  corresponding  position  under  each  pole  and 
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Fig.  300.    Curves  of  e.m.f .  in  each  conductor  of  a  generator  using  three 
adjacent  slots  per  pole  out  of  a  total  of  twelve  slots  per  pole. 
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Fig.  301.    Resultant  of  three  e.m.f.'s  in  series,  like  a,  6,  c,  of  Fig.  300. 

the  four  pairs  would  be  in  series.  Hence,  the  average  and  eflFective 
values  will  each  be  four  times  as  great,  as  the  total  e.m.f.  for  the 
entire  winding  ^^ill  be  the  sum  of  four  curves  like  curve  r,  Fig.  299, 
almost  exactly  in  phase  with  each  other.  When  the  actual  fringing 
of  the  flux  at  the  pole  tips,  and  consequent  rounding  of  the  comers 
of  e.m.f.  curves,  are  taken  into  accoimt,  we  find  that  the  actual 
resultant  e.m.f.  curve  is  about  as  shown  by  the  dotted  lines  in  Fig. 
299. 

*  The  hand  of  conductors  cannot  always  be  located  in  exacUy  similar 
manner  with  respect  to  all  poles  when  using  this  particular  (wave)  wind- 
ing, on  account  of  the  necessity  for  the  winding  to  progress  around  the 
armature,  but  the  difference  is  small. 
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Fig.  302.  The  e.m.f .  developed  in  each  conductor  of  a  generator  using 
four  slots  a,  &,  c  and  d  per  pole  out  of  a  total  of  twelve  slots  per  pole. 
The  lower  curve  is  the  resultant  voltage  across  the  four  conductors 


in  series. 
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Fig.  303. 


Resultant  of  5  e.m.f8.11ke 
a^th^c^d^e,  in  seiies 


Note  that  the  curve  becomes  more  peaked  as  we  add  more 
conductors  per  pole. 
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FiQ.  304.    The"  curve  becomes  still  more  peaked  with  six  conductors 

in  series. 
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Fig.  300  and  301  illustrate  the  composition  of  the  curve  of  re- 
sultant e.m.f .  in  a  winding  occupying  three  slots  per  pole  out  of  24 
slots  per  pair  of  poles,  or  12  slots  per  pole,  flux  density  uniform  over 
the  entire  pole  face  or  air  gap.  The  heavy  line  is  developed  on  the 
assimsption  of  no  fringing,  and  the  dotted  line  illustrates  the  result 
obtained  when  fringing  occurs  as  in  the  actual  machine.  The  scale 
of  ordinates  for  the  curve  will  dep)end  upon  the  flux  per  pole, 
frequency  or  speed,  and  number  of  series  conductors  per  slot. 


Fig.  305.    The  e.m.f.  curve  is  now  very  peaked. 


Fig.  302  is  developed  for  the  same  armature  with  a  winding  occu- 
pying 4  slots  per  pole,  Fig.  303  for  5  slots  per  pole,  Fig.  304  for  6 
slots  per  pole,  Fig.  305  for  8  slots  per  pole,  and  Fig.  306  for  12  slots 
per  pole.  Notice  that,  as  we  start  from  a  winding  concentrated  in 
one  slot  per  pole,  and  widen  the  winding  into  a  band  consisting  of 
2, 3,  4,  5,  6,  8  and  12  slots  per  pole  (all  inductors  being  connected  in 
series  with  each  other),  the  curve  of  resultant  e.m.f.  changes  from  a 
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low  flat-topped  wave  (for  concentrated  winding,  as  in  Fig.  290  or 
299)  to  a  peaked  wave  (for  distributed  winding  as  in  Fig.  305). 
Then,  as  the  winding  becomes  still  more  extensively  distributed,  the 
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Fig.  306.  As  too  many  slots  per  pole  are  filled  with  conductors  iii 
series,  the  e.m.f.  curve  again  becomes  flat-topped.  Note  that  the 
resultant  e.m.f.  is  very  little  higher  than  that  of  Fig.  305  although 
there  are  50  per  cent  more  inductors  and  copper. 


wave  becomes  flat-topped  again  and  higher  or  greater  in  amplitude 
(though  not  nearly  in  proportion  to  the  increase  in  the  number  of 
inductors),  as  shown  in  Fig.  306.  For  usual  values  of  "polar  em- 
brace/' a  close  approximation  to  the  sine  wave-form  for  the  resultant 
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e.m.f.  is  obtained  by  distributing  the  winding  over  about  one-third 
of  the  total  number  of  slots,  as  is  done  in  a  three-phase  armature 
whose  winding  fills  all  of  the  slots. 

Prob.  1-B.  An  alternator,  such  as  illustrated  in  Fig.  214,  operates  at 
60  cycles  frequency  with  a  peripheral  speed  of  5000  feet  per  minute. 
The  active  length  of  each  inductor  is  10  inches.  The  yoXes  cover  }  of 
the  circumference  of  the  armature,  and  there  are  24  inductors.  The 
flux  is  uniform  in  the  air  gap  and  has  an  average  density  of  50,000  lines 
per  square  inch;  assume  no  fringing  at  the  pole  tips.  Draw  to  scale 
the  e.m.f.  wave  induced  in  a  single  inductor.  Calculate  the  average 
and  effective  values  of  this  e.m.f.;  also,  the  form-factor,  or  ratio  of 
effective  to  average  e.m.f.,  and  the  amplitude-factor,  or  ratio  of  maxi- 
miun  to  effective  e.m.f. 

Prob.  2-8.  Again  in  this  same  alternator  the  flux  fringes  out  similarly 
at  both  pole  tips,  so  that  the  density  increases  uniformly  from  zero  value 
at  position  2  to  the  maximum  (specified  in  Problem  1-8)  value  at  posi- 
tion 4,  remains  at  that  value  from  4  to  10,  then  decreases  uniformly  to 
zero  at  position  12.  The  flux  distribution  under  the  other  pole  is,  of 
course,  exactly  similar.  Draw  a  curve  between  flux  density  as  ordinates 
and  positions  as  abscissas.  Draw  also  a  curve  between  instantaneous 
volts  induced  in  a  single  inductor  as  ordinates,  and  time  in  seconds  as 
abscissas.    Compare  these  curves. 

Prob.  8-8.  From  the  curve  in  Problem  2-8,  calculate  the  average 
and  effective  values  of  e.m.f.  in  one  inductor,  and  the  form-factor  and 
amplitude-factor.  By  comparing  results  with  Problem  1-8,  draw  some 
conclusions  concerning  the  effect  of  rounding  the  corners  of  the  e.m.f. 
curve.  Calculate  the  total  flux  per  pole  in  Problem  2-8,  and  the  total 
flux  per  pole  in  Problem  1-8,  and  find  whether  the  effective  e.m.f.  per 
inductor  has  been  changed  in  greater  or  less  ratio  than  the  change  in 
flux  per  pole.  Calculate  the  average  flux  density  and  find  whether  the 
average  e.m.f.  per  inductor  has  been  changed  in  the  same  ratio  as  the 
average  flux  density. 

Prob.  4-8.  When  the  generator  of  Problem  2-8  delivers  a  certain 
amount  of  current  at  a  certain  power-factor,  the  flux  from  each  pole  is 
both  changed  in  amount  and  rearranged  over  the  pole  face,  so  that  the 
density  now  rises  uniformly  from  20  per  cent  below  the  zero-load  aver- 
age density  (50,000  lines  per  square  inch),  at  position  4,  to  10  per  cent 
above  zero-load  average  density,  at  position  10,  fringing  out  with  a  imi- 
formly  decreasing  density  from  position  4  to  position  2,  and  from  10  to 
12,  being  zero  from  24  to  2  and  from  12  to  14.  Draw  the  c\u*ve  of  flux 
distribution  and  the  curve  of  e.m.f.  in  a  single  inductor,  as  described  in 
Problem  2-8.  Calculate  average  and  effective  values  of  e.m.f .,  and  form- 
factor.  Calculate  average  flux  density  and  total  flux  per  pole.  Com- 
pare results  with  Problems  3-8  and  1-8  and  find  whether  the  average 
e.m.f.  and  the  effective  e.m.f.  have  been  altered  in  greater  or  less  ratio 
than  the  total  flux  per  pole. 
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Prob.  6-8.  Calculate  the  average  and  effective  values  of  the  e.m.f. 
curve  (a)  in  Fig.  299  and  of  curve  (r)  (heavy  lines)  using  any  scale  of 
volts  that  may  be  convenient,  and  ordinates  not  more  than  15  electrical 
degrees  apart.  Is  the  average  value  of  the  resultant  equal  to  the  arith- 
metical sum  of  the  average  values  of  the  components?  Is  the  effective 
value  of  the  resultant  equal  to  the  arithmetical  sum  of  effective  values 
of  the  components?  Is  it  equal  to  the  vector  sum  of  the  components, 
if  each  component  is  represented  by  a  vector  (length  of  vector  propor- 
tional to  effective  value  of  component  e.m.f.,  angle  between  vectors  equal 
to  phase  difference  between  components)?  Calculate  the  form-factor 
of  one  component  and  of  the  resultant  e.m.f..  and  compare  these  values. 

97.  Irregular  Wave-forms  of  E.M.F.  Undesirable  Efifects.  If 
the  wave-form  of  e.m.f.  produced  by  an  alternator  departs  much 
from  the  standard  form  (sine  wave),  the  following  undesirable 
effects  result: 

(1)  Parallel  Operation.     Cross-cmrents. 

When  it  operates  in  parallel  with  another  alternator  of  dis- 
similar wave-form,  currents  are  exchanged  locally  between  the 
armatures,  which  deliver  no  power  to  the  external  circuit, 
but  nevertheless  heat  up  the  armatures  and  reduce  their 
capacity  for  delivering  real  power  output  (see  Art.  134).  If 
the  difference  is  very  great,  the  machines  may  not  be  able  to 
operate  together  at  all. 

(2)  Peaked  Waves.    Better  insulation  necessary. 

For  a  wave-form  more  peaked  than  the  standard  sine  wave,  the 
"amplitude  factor,"  or  ratio  (maximum  value  to  mean  effec- 
tive value),  is  greater  than  for  the  sine  wave;  and  for  a  wave 
which  is  more  nearly  flat-topped  than  the  sine  wave,  this 
factor  is  less.  Insulation  may  break  down  at  any  instant 
during  the  cycle  —  usually,  of  course,  at  or  near  the  maximum 
or  peak  value  of  e.m.f.  For  a  given  mean  effective  value  of 
voltage,  that  alternator  will  have  the  greatest  stress  upon  its 
insulation  whose  wave-form  is  most  peaked,  other  things 
being  equal.  Hence,  to  give  the  same  factor  of  safety  from 
danger  of  break-down  and  short-circuit  at  any  given  operat- 
ing voltage,  the  machine  with  the  more  peaked  wave-form 
or  higher  amplitude-factor  would  require  thicker  and  more 
expensive  insulation;  or,  for  the  same  insulation  and  effec- 
tive voltage,  the  danger  of  break-down  would  be  greater 
with  a  peaked  than  with  a  flat-topped  e.m.f.  wave. 

(3)  Ripples.     Effect  of  Capacity  and  Inductance. 

When  a  generator  whose  wave-form  is  peaked  or  flat,  or  has 
ripples  in  it,  is  connected  to  a  circuit  having  condenser 
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effect  (see  Second  Course,  Chapter  V)  —  as  a  long  transmis- 
sion line  operated  at  high  voltage  or  an  imdet^ound  cable 
Operated  even  at  moderate  voltage,  the  wave-form  of  the  cur- 
rent will  be  very  much  further  from  the  sine  form  than  that 


Fig.  307.  The  sine  wave  E  produces  a  sine  wave  of  current  /  even 
in  a  circuit  containing  either  inductance  or  capacity.  Oscillograma 
fumiahed  by  C.  M.  Davis. 


Fio.  308.  The  non-eine  wave  E  produces  a  very  irregular  current 
curve  /  when  applied  to  a  circuit  of  large  capacity.  Oscillogram 
fumiahed  by  C.  M.  Davia. 

of  the  e.m.f,  which  produces  it.  The  shorter  or  higher-fre- 
quency ripples  in  the  e.m.f.  wave  produce  the  greater  irregu- 
larities in  the  current  wave.  In  Fig.  307,  the  curve  /  shows 
the  wave-form  of  current  produced  iu  a  load  having  condenser 
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characteriaticH  (an  underground  cable),  when  the  e.m.f. 
E  of  true  sine  wave-fonn  is  impressed  upon  it.  Note  that 
the  current  /  has  also  a  sine  wave-form.  Fig.  308  shows 
the  current  /  which  a  non-sine  wave-form  E  produced  when 
impressed  upon  the  same  circuit.  The  wave  E  Is  not  nearly 
so  far  from  sine  form  aa  many  which  may  be  observed  in 
practice,  yet  these  slight  irregularities  of  e.m.f.  are  seen  to 
cause  large  effects  on  the  current  in  a  circuit  having  elec- 
trostatic capacity.  Fig.  308a  is  an  oscillogram  showing  the 
irregular  current  curve  produced  by  an  e.m.f.  which  has  not 
quite  a  sine  wave-form.  When  this  same  generator  is  con- 
nected to  an  inductive  circuit  taking  a  laj^ng  current  and 


Fig.  308a.  The  wave-form  E  has  a  slight  ripple  in  it  which  produces 
a  very  irregular  current  curve  /  when  applied  to  an  unloaded  trans- 
mission line.    Oscillogram  furnished  by  C,  M.  Davis. 

having  an  electromagnetic  instead  of  an  electrostatic  field 
around  it,  the  current  wave  takes  the  form  of  /  in  Fig.  309. 
Notice  that  the  ripples  in  the  wave  of  terminal  e.m.f.  which 
were  quite  pronounced  when  the  current  was  leading,  are 
all  smoothed  out  when  the  current  lags.  Since  nothing  has 
been  altered  except  phase  relation  {the  shape  of  pole  pieces, 
distribution  of  winding,  etc.,  remaining  unchanged),  the  effect 
of  the  current  wave-form  upon  the  wave-form  of  terminal 
e.m.f.  must  be  due  to  armature  reaction  or  to  internal  vottage- 
drop  caused  by  reactance  and  resistance.  These  curves  were 
taken  from  a  three-phase  150-l(v-a.  48-pole  2300-volt  gener- 
ator. See  Trans.  A.I.E.E.,  Feb,,  1913,  C.  M.  Davis,  In 
general,  inductive  circuits  smooth  out  irregularities  in  the 
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e.m.f.  and  current  waves,  and  long  transmission  lines  ,ot 

cables,  lightly  loaded,  exaggerate  them. 

(4)  Flat  Waves.  HyGteresis  Losses  Greater. 
The  wave-form  of  the  e.m.f.  has  also  an  effect  upon  the  energy 
losses  in  the  iron  core  of  any  apparatus,  such  as  motors, 
generators  or  transformers,  connected  to  the  circuit.  If  we 
impress  upon  exactly  similar  circuits,  two  e.m.f. 's  of  equal 
effective  values,  but  one  having  a  flal^top  wave  and  the  other 
a  peak-topped  wave,  the  e.m.f.  with  the  flat-top  wave  will  set 
up  the  greater  alternating  magnetic  flux  around  the  coils.    As 


FiO.  309.  An  inductive  load  will  often  emooth  out  the  wrinkles  in  a 
wave  and  make  it  appear  as  the  voltage  curve  E.  Oscillogram 
furnished  by  C.  M.  Davis. 

the  coils  are  identical,  that  which  has  the  greater  flux  will 
also  have  the  greater  flux  density.  The  hysteresis  loss,  per 
pound  of  iron,  at  a  fixed  frequency,  varies  as  about  the  1.6 
power  of  the  maximum  value  of  flux  density  attained  in  the 
core  throughout  the  cycle.  The  exact  value  of  the  loss  and 
rate  of  variation  with  flux  density  depends  upon  the  quality 
of  the  iron,  as  shown  hy  numerous  experimental  researches.' 
If  the  maximum  flux  density  in  the  core  is  doubled  (volume, 
temperature  and  number  of  turns  being  constant),  the 
hysteresis  loss  will  be  increased  to  about  3.03  times  its  former 
value.  If  B„  l>o  increased  to  three  times,  hysteresis  loss  is 
increased  to  about  5.S  times;  if  B^  is  increased  to  four 

*  See  American  Handbook  for  Electrical  Engineers,  pages  002-909. 
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times,  hysteresis  loss  is  increased  to  about  9.19  times  its 
original  value,  and  so  on,  these  ratios  being  subject  to  slight 
change  for  different  grades  of  iron.  The  eddy-current  loss 
per  pound  of  iron  core,  at  fixed  frequency,  for  a  fixed  number 
of  turns  in  the  coil  and  constant  effective  value  of  e.m.f. 
applied,  is  independent  of  the  form  of  the  e.m.f .  wave. 
The  variation  of  total  core  losses  with  wave-form  at  constant 
effective  voltage  across  a  given  coil  will,  therefore,  be  equal 
to  the  variation  of  the  hysteresis  loss  only.  As  in  ordinary 
practice  the  eddy-current  loss  is  reduced  by  use  of  thinner 
laminations  imtil  it  does  not  exceed  25  per  cent  of  the  hy- 
steresis loss,  the  ratio  of  change  in  the  entire  core  loss  will 
be  not  far  different  from  the  ratio  of  change  of  the  hysteresis 
loss.  Good  practice  as  defined  by  the  Standardization  Rules 
of  the  A.I.E.E.  requires  that  the  actual  e.m.f .  wave  shall  not 
deviate  at  any  instant  from  the  equivalent  sine  wave  (whose 
square-root-mean-square  value  is  the  same)  by  an  amount 
greater  than  10  per  cent  of  the  maximum  value  of  this 
equivalent  sine  wave.  See  Art.  205  to  206  of  Standardiza- 
tion Rules.  It  has  been  shown  that,  within  the  limits  of  this 
permissible  variation,  the  core  losses  may  vary  as  much  as 
7.8  per  cent  below,  and  5.8  per  cent  above,  that  which  would 
be  obtained  with  the  true  sine  wave.  Since  the  core  losses 
remain  approximately  constant  at  all  loads,  as  long  as  the 
apparatus  is  connected  to  the  source  of  power  and  in  readi- 
ness to  serve  its  purpose,  any  variation  in  these  core  losses  is 
of  great  economic  importsjice.  In  lighting  transformers, 
for  instance,  which  are  always  excited  and  ready  to  serve, 
the  core  losses  go  on  every  horn*  in  the  day  and  every  day  in 
the  year,  whereas  the  copper  losses  are  of  appreciable  value 
only  while  the  transformer  is  carrying  a  fair  percentage  of  its 
rated  load,  which  is  usually  only  a  few  hours  per  day.  Con- 
sequently, a  change  of  10  per  cent  in  the  core  losses,  which  is 
seen  to  be  easily  possible  by  change  of  the  wave-form,  means 
almost  a  10  per  cent  change  in  the  annual  energy  losses  in  the 
transformer  if  the  average  load,  or  load-factor,  is  low.  This 
would  make  an  appreciable  dollars-and-cents  difference  in 
the  annual  cost  of  operation,  particularly  in  the  case  of  a 
system  operating  large  numbers  of  small  transformers. 

(6)    Measuring  Instruments.     Power-factor  Meter. 

The  standard  t)T)es  of  voltmeters,  ammeters,  and  wattmeters 
are  not  appreciably  affected  by  the  wave-form.    This  holds 
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true,  no  matter  whether  the  actuating  principle  is  magnetic 
attraction  between  coils  containing  no  iron  or  heating. 
Each  type  gives  an  indication  depending  only  upon  the 
square-root-mean-square  or  eflfective  value.  The  indica- 
tions of  soft-iron  instnunents,  or  induction  instruments 
depend  to  some  extent  upon  the  wave-form.  The  vaiia- 
tion  is  usually  small,  however,  in  good  modem  meters. 
The  indications  of  a  power-factor  meter,  however,  vary 
considerably  with  changes  in  the  wave-form  of  the  e.m.f . 
or  current.  If  either  or  both  of  these  waves  depart 
from  sine  form,  there  may  be  considerable  actual  power  de- 
livered or  consumed  even  with  zero  phase  difference  between 
the  waves  of  current  and  e.m.f.  The  power-factor  meter, 
whose  indications  are  proportional  to  the  cosine  of  this 
phase  difference  between  the  E  and  /  waves  which  have 
sine  wave-forms,  will,  therefore,  indicate  correctly  only  when 
the  wave-forms  are  exactly  like  those  with  which  the 
calibration  of  the  instrument  was  made. 

Modem  refinements  in  alternating-current  apparatus  and  engi- 
neering practice  make  the  subject  of  wave-shape  increasingly  im- 
portant. It  is  no  longer  permissible  to  disregard  the  question  of 
wave-shape  if  only  the  various  apparatus  on  the  system  will  merely 
operate  together  —  it  must  operate  properly  —  as  economically,  as 
smoothly,  and  as  usefully  as  possible.  As  the  determination  of 
wave-shape  requires  rather  imusual  and  expensive  instruments, 
variations,  that  are  unsuspected,  frequently  cause  much  difficulty 
in  electric  circuits. 

Prob.  6-8.  In  a  certain  circuit  the  wave-shape  of  the  e.mi.  is  semi- 
circular. On  account  of  certain  peculiar  reactions  in  the  circuit,  this 
e.m.f .  produces  a  current  wave  of  the  same  frequency  whose  shape  is 
triangular.  As  these  tw.o  curves  are  perfectly  symmetrical,  the  phase 
difference  between  them  may  be  easily  determined,  because  it  is  the 
difference  in  time  between  the  instants  at  which  they  reach  their  re- 
spective maximum  values  in  the  same  direction  through  the  circuit. 
The  maximum  value  of  the  e.m.f.  is  10,000  volts,  and  of  the  current  10 
amperes.  The  current  lags  60  degrees  behind  the  e.m.f.  Calculate 
the  effective  value  of  the  e.m.f.  and  the  effective  value  of  the  current. 
Multiply  together  the  simultaneous  instantaneous  values  of  e.m.f.  and 
current  at  equal  intervals  of  time  (interval  not  more  than  10  electrical 
degrees)  for  one  complete  cycle  of  e.m.f.  From  the  curve  of  instanta- 
neous power  so  determined,  calculate  the  average  power.  Find  the 
ratio  of  average  power  to  the  product  of  effective  volts  and  effective 
amperes  —  this  is,  the  '^  power-factor"  of  the  circuit,  according  to  the 
definition  of  this  term. 
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Prob.  7-^.  The  power  in  the  circuit  of  Prob.  6  is  indicated  by  a 
power-factor  meter,  which  was  calibrated  with  e.m.f .  and  current  hav- 
ing sine  wave-shapes.  Assiune  that  the  deflection  of  the  pointer  of  this 
instrument  is  proportional  to  the  phase  angle  even  if  the  waves  have 
not  the  sine  wave-form  and  that  the  i)Ower-factor,  marked  on  the  scale 
at  each,  position  of  the  pointer,  is  the  power-factor  of  a  circuit  having 
the  same  phase  angle  between  e.m.f.  and  current,  both  of  which  have 
sine  waveHshapes.  Would  the  power-factor  met^  register  the  power- 
factor  of  this  particular  circuit  correctly?  If  not,  by  what  percentage 
of  the  correct  value  would  its  readings  be  too  high  or  too  low? 

Prob.  8-8.  If  the  phase  angle  between  current  and  e.m.f .  in  Problem 
6-8  were  zero,  by  what  percentage  would  the  power-factor  meter  read 
too  high  or  too  low? 

Prob.  9-8.  Repeat  Problems  6-8  and  7-8,  using  a  fiat-topped  rec- 
tangular e.m.f .  wave  of  the  same  maximum  value,  and  the  same  current 
wave  as  before,  placing  them  60  degrees  out  of  phase. 

Prob.  10-8.  Repeat  Problem  9-8,  placing  the  e.m.f.  and  current  in 
phase  with  each  oUier. 

Prob.  11-8.  Choosing  any  convenient  scale  of  volts  and  amperes, 
calculate  the  mean  effective  volts  and  amperes  for  the  curves  in  Fig.  308. 
Multiply  instantaneous  volts  and  amperes  together  at  instants  10  elec- 
trical degrees  apart  for  one  complete  cycle  of  e.m.f.,  and  calculate  the 
correct  average  power  from  these  values  of  instantaneous  power.  (If 
the  figure  were  large  enough  to  scale  from  the  results  would  be  more 
accurate  if  intervals  were  taken  to  be  5  degrees.)  Calculate  ratio  of 
correct  average  power,  to  product  of  effective  volts  and  effective 
amperes;  this  is  the  correct  power-factor,  according  to  definition.  If 
the  power-factor  meter  on  this  circuit  had  been  calibrated  with  e.m.f. 
and  current  having  sine  wave-shape,  what  power-factor  would  it 
indicate?  What  correction  (add  or  subtract,  and  how  much)  would 
have  to  be  applied  to  its  reading  in  order  to  get  correct  results  with 
these  particular  irregular  wave  shapes? 


SUMMARY  OF  CHAPTER  VIQ 

THE  WAVE-FORM  OF  THE  TERMINAL  E.M.F.  is  im- 
portant as  it  affects  the  accuracy  of  our  calculations  for  the 
generator  and  for  the  alternating-current  circuit.  These  cal- 
culations are  usually  founded  on  the  assumption  that  both  the 
current  and  the  e.m.f.  have  a  sine  wave-form.  The  form  of 
these  waves  will  depend  on  the  form  of  the  induced  e.m.f .  wave, 
and  upon  the  form  of  the  voltage  reactions,  or  "  drops  "  within 
the  machine,  due  to  resistance  and  reactance. 

THE  FORM  OF  THE  VOLTAGE  REACTIONS  depends 
upon  the  wave-form  of  current  delivered,  which  in  turn  depends 
upon  the  e.m.f.  wave  and  the  character  of  the  receiving  circuit. 

THE  FORM  OF  THE  INDUCED  E.M.F.  DEPENDS 
UPON: 

(1)  The  distribution  of  the  flux  over  the  pole  face  or  around 
the  armature. 

(2)  The  distribution  of  the  winding  on  the  armature, 
number  of  slots  per  pole,  etc. 

(3)  The  shape  and  length  of  the  air  gap  and  the  relative 
magnetic  strength  (ampere-turns)  of  field  magnets  and 
armature  winding. 

(4)  The  power-factor  of  the  load  or  the  phase  difference 
between  current  and  induced  e.m.f. 

(6)  The  manner  of  connecting  together  the  phases  of  a 
polyphase  machine. 
ARMATURE  WINDINGS  MAY  BE  EITHER  CONCEN- 
TRATED OR  DISTRIBUTED.  The  wave-form  generated  by  a 
concentrated  winding  at  no  load  is  usually  somewhat  flat-topped. 
When  the  winding  is  distributed,  the  wave  approaches  a  peaked 
form,  although  it  is  possible  to  distribute  it  so  extensively  as  to 
revert  to  a  flat-topped  form.  In  the  concentrated  winding, 
using  only  one  slot  for  each  phase  under  each  pole,  the  desired 
sine  wave-form  is  obtained  by  shaping  the  pole  faces  so  as  to 
distribute  the  flux  suitably.  Most  windings  used  in  practice, 
however,  are  distributed  in  two  or  three  slots  for  each  phase 
under  each  pole.    This  distribution  of  the  winding  causes  a 
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marked  approach  to  sine  wave-form  entirely  apart  from  the 
effect  of  shaping  the  pole  faces. 

RIPPLES  IN  THE  E.M.F.  WAVE  may  be  smoothed  down 
by  increasing  the  length  of  the  air  gap,  increasing  the  nmnber 
of  slots  per  pole,  beveling  the  pole  tips  and,  in  a  polyphase  alter- 
nator, by  connecting  the  phases  together  in  star  instead  of  in 
mesh. 

THE  EFFECT  OF  LOAD  upon  the  wave-form  of  terminal 
e.m.f.  may  be  to  make  it  either  more  or  less  like  a  sine  wave, 
depending  upon  numerous  conditions  of  operation  and  structural 
features.  A  compensating  winding  may  be  used  on  the  poles 
to  neutralize  the  distorting  effect. 

NON-SINE  WAVE-FORMS  OF  E.M.F.  have  the  following 
undesirable  effects: 

(1)  Machines  with  unlike  wave-forms  operating  in  parallel 
exchange  local  currents  which  reduce  their  output. 

(2)  Machines  with  too-peaked  curves  require  better  in- 
sulation than  those  with  sine  curves. 

(3)  Ripples  are  greatly  increased  when  the  load  takes  a 
leading  current,  and  are  smoothed  out  by  a  lagging 
current. 

(4)  The  hysteresis  loss  is  increased  by  the  use  of  flat- 
topped  waves.  Since  the  core-loss  of  transformers  is 
about  three-quarters  hysteresis  loss,  the  wave-form  of 
e.m.f.  used  may  greatly  affect  the  ''all-day"  efficiency 
and  the  cost  of  operating  these  machines. 

(6)  The  indications  of  most  modem  meters  are  very 
nearly  independent  of  the  wave-form.  Power-factor 
meters,  however,  are  made  to  indicate  the  cosine  of 
the  angle  of  phase  difference  between  the  current  and 
the  voltage  only  when  both  have  sine  wave-forms.  The 
power-factor  is  really  the  ratio  of  effective  power  to 
apparent  power,  and  this  is  NOT  equal  to  the  cosine  of 
the  angle  of  phase  difference,  URLBSS  both  the  current 
and  e.m.f.  are  of  the  sine  wave-form.  Thus  power- 
factor  meters  do  not  read  correctly  on  circuits  which  do 
not  employ  standard  wave-forms. 


PROBLEMS   ON  CHAPTER  Vm 

Prob.  12-8.  Solve  Problem  5-8  for  Fig.  302  and  one  of  the  com- 
ponent e.m.f.'s  and  compare  this  solution  with  that  of  Problem  5-8. 
What  would  the  average  and  effective  values  of  e.m.f.  have  been  for  a 
winding  consisting  of  the  same  total  number  of  inductors  moving  at  the 
same  speed  in  the  same  field,  but  concentrated  into  one  small  bundle 
(or  slot)  under  each  pole,  instead  of  divided  equally  among  four  equi- 
distant bundles  or  slots  15  degrees  apart,  under  each  pole?  Is  either 
the  average  or  effective  total  e.m.f.  of  the  winding  increased  in  propor- 
tion to  the  number  of  inductors,  using  the  winding  distributed  as  in  Fig. 
3027  Answer  the  last  question  for  a  concentrated  winding  of  equal 
total  number  of  inductors. 

Prob.  13-8.  Solve  Problem  12-8  for  the  winding  whose  resultant 
e.m.f.  is  as  shown  in  Fig.  305.  To  what  actions  do  you  ascribe  the  de- 
creasing effectiveness  of  inductors  added  in  series  when  they  are  placed 
BO  that  they  broaden  the  band  or  make  the  winding  cover  a  larger 
fraction  of  the  pole  pitch? 

Prob.  14-8.  Solve  Problem  12-8  for  the  winding  whose  resultant 
e.m.f.  is  as  shown  in  Fig.  306.  This  is  called  a  thoroughly-distributed 
winding,  because  the  inductors  are  distributed  uniformly  over  the  entire 
face  of  the  armature.  Show  by  diagram  how  you  would  connect  the 
inductors  from  12  to  24  into  the  series.  If  connected  properly,  how 
would  they  alter  the  e.m.f.  curve,  Fig.  306?  If  connected  improperly, 
how  would  they  alter  the  curve  of  Fig.  306? 

Prob.  16-8.  The  ratio  of  the  total  effective  e.m.f.  of  the  entire  wind- 
ing as  it  is  actually  distributed  upon  the  surface  of  the  armature,  to  the 
total  effective  e.m.f.  that  would  be  obtained  if  the  same  total  number  of 
inductors  had  been  concentrated  into  equal  groups,  one  group  or  slot 
under  each  pole,  is  sometimes  called  the  "  phase  constant "  or  "  distri- 
bution constant''  of  the  winding.  Calculate  the  phase  constants  for 
Fig.  306,  305,  304,  303,  302,  301  and  299r,  and  compare  them.  What 
would  the  phase  constant  indicate  to  you  concerning  good  policy  in 
arranging  the  winding  on  an  armature? 

Prob.  16-8.  Draw  the  curve  of  e.m.f.  between  collecting-rings  (at 
zero  load)  for  a  single-phase  alternator  having  six  poles  and  72  equi- 
distant slots,  the  winding  being  partly  distributed  —  that  is,  occupying 
only  four  slots  under  each  pole.  The  useful  flux  per  pole  is  1,(XX),(XX) 
lines,  uniformly  distributed  over  the  pole  face  and  entering  the  armature 
radially  at  all  points,  with  no  fringing  at  edges  of  the  pole.    The  poles 
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embrace  ^^  of  the  circumference  of  the  armature.  Frequency  60  cycles 
per  second.  Three  conductors  per  slot.  Calculate  the  effective  value 
of  e.m.f.  between  rings. 

Prob.  17-8.  If  the  armature  of  machine  in  Problem  16-8  were  wound 
so  as  to  have  one  conductor  in  every  slot,  all  conductors  being  connected 
so  as  to  add  together  in  a  single  series  circuit,  what  would  be  the  curve 
of  e.m.f.  between  terminals  at  zero  load,  and  what  would  the  voltmeter 
read  across  the  terminals? 

Prob.  18-^.  By  what  percentage  would  the  flux  per  pole  have  to  be 
changed  with  the  winding  as  in  Problem  16-8  in  order  to  give  a 
voltmeter  reading  as  in  Problem  17-8? 

Prob.  19-8.  What  would  be  the  total  effective  voltage  of  a  concen- 
trated winding  for  the  machine  of  Problem  16-8,  consisting  of  four  con- 
ductors per  slot?  What  e.m.f.  for  eight  conductors  per  slot?  What  is 
the  phase  constant  for  the  winding  in  Problem  16-8  and  in  Problem 
17-8? 

Prob.  20-8.  If  the  armature  of  Problem  16-8  were  wound  up  for 
three  phases,  using  four  slots  per  pole  per  phase,  and  the  phases  were 
delta-connected,  what  would  be  the  voltmeter  reading  between  any  two 
terminals?  Draw  to  scale  the  curve  of  instantaneous  e.m.f.  obtained 
between  terminals  of  the  armature. 

Prob.  21-8.  Repeat  Problem  20-8,  but  with  the  three  phases  of  the 
winding  Y-connected  between  terminals. 

Prob.  22-8.  Draw  a  sine  wave  of  current,  having  the  same  phase  lag 
as  the  actual  current  curve  /,  with  respect  to  the  actual  e.m.f.  curve  Ej 
in  Fig.  308.  Let  its  maximum  value  be  called  7,^*  Calculate  the  curve 
of  instantaneous  power  for  a  complete  cycle,  each  ordinate  being  ex- 
pressed in  terms  of  a  number  times  the  unknown  value  /m-  Make  cal- 
culations for  instants  not  more  than  ten  electrical  degrees  apart.  Find 
the  average  power  for  one  cycle,  in  terms  of  Im*  Find  what  value  of  /» 
will  make  the  average  power  with  sine  wave  of  current,  the  same  as  the 
average  power  with  the  actual  wave  of  current  (see  results  of  Problem 
11-8).  The  same  e.m.f.  wave  ^  is  used  in  both  cases,  of  course.  The 
heat  losses  in  the  transmission  line  wires  are  proportional  to  the  mean  of 
the  squared  values  of  instantaneous  current.  By  what  percentage  in 
this  case  are  the  line  losses  due  to  I^R  different  with  the  irregular  current 
wave  which  actually  flows  than  they  would  have  been  if  the  current 
wave  had  been  of  sine  form,  while  delivering  the  same  actual  power 
with  the  same  angle  of  lag  and  the  same  e.m.f.  curve? 

Prob.  28-^.  Replace  the  irregular  E  curve  in  Fig.  308  with  a  sine 
curve  in  exactly  the  same  position,  and  having  the  same  effective  value 
as  the  actual  curve  E,  Then  proceed  as  in  Problem  22-8,  and  calculate 
the  percentage  change  in  I^R  losses  on  the  transmission  line,  due  to 
changing  both  e.m.f.  and  current  waves  to  sine  form,  while  delivering 
the  same  power  with  the  same  phase  lag. 
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Prob.  24r-8.  Assuming  as  a  convenient  scale  that  the  mATimnm 
value  on  the  voltage  curve  of  Fig.  308  is  1000  volts,  calculate  from 
Fig.  308  the  following: 

(a)  Effective  value  of  the  e.m.f .  curve  E. 

(&)  Maximum  value  of  an  equivalent  sine  wave  having  the  same 

effective  value, 
(e)  Percentage  by  which  the  maximum  value  of  the  actual  curve  is 
greater  or  less  than  the  maximum  value  of  the  equivalent  sine 
curve. 
This  figure  (c)  represents  the  sacrifice  or  advantage  as  the  case  may  be, 
in  the  amount  of  stress  on  the  insulation  of  the  circuit  and  in  the  prob- 
ability of  its  failure,  due  to  the  deviation  of  the  actual  e.m.f.  wave  from 
the  standard  sine  form.    If  the  breakdown  stress  is  three  times  the 
effective  value  of  the  equivalent  sine  wave,  what  will  be  the  factor  of 
safety  of  the  insulation  using  the  distorted  e.m.f .  wave  in  Fig.  3087 

Prob.  26-8.  A  Type  H  transformer  manufactiu^  by  the  General 
Electric  Co.,  operating  on  non-inductive  load  of  full  rated  value,  3  kv-a., 
with  frequency  and  voltage  at  value  stated  on  the  name  plate,  has  an 
efficiency  of  96.9  per  cent,  according  to  the  manufacturers'  advertise- 
ments, the  iron  losses  being  35  watts  and  1*R  losses  62  watts.  This 
rating,  efficiency  and  losses  are  for  continuous  operation  with  sine  wave 
of  e.m.f.  All  of  the  energy  which  this  transformer  can  deliver  can  be 
sold  at  five  cents  per  kilowatt-hour  for  ten  hours  per  day  every  day  in 
the  year,  such  being  the  character  of  the  load  and  the  demand  or  market 
for  energy  the  load  being  non-inductive.  The  transformer  must  remain 
connected  to  the  power  supply  in  readiness  to  serve  the  customers  at 
all  times.  The  line  is  supplied  from  a  generator  giving  a  flat-topped 
wave  instead  of  a  sine  wave,  the  distortion  of  wave-form  being 
sufficient  to  increase  the  iron  losses  by  10  per  cent  with  the  same 
effective  value  of  e.m.f.  The  total  watts  lost  in  the  transformer  can- 
not be  allowed  to  be  greater  than  at  rated  full  load  on  sine  wave  of 
e.m.f.,  without  ultimately  injuring  the  transformer  and  shortening  its 
useful  life. 

(a)  By  how  much  must  the  PR  loss  be  reduced  to  compensate  for 

the  increase  in  iron  loss? 

^  (6)  By  what  percentage  must  the  current  output  be  reduced  on  this 

account?    Assume  any  convenient  value  of  voltage,  say  100  volts. 

(c)  What  is  the  corresponding  reduction  in  kilowatts  output  of  the 

transformer? 
{d)  By  how  many  dollars  per  year  is  the  income  of  the  central 
station  from  this  transformer  reduced  below  what  it  might  be  if 
the  iron  losses  had  not  been  increased? 
(e)  By  how  many  dollars  per  year  is  the  cost  of  losses  in  this  trans- 
former increased,  assuming  that  the  value  of  the  energy  lost  is 
the  same  as  that  of  the  energy  sold? 
(/)  What  is  the  total  annual  loss  in  dollars,  to  the  central  station, 
due  to  this  change  of  wave-form  of  the  e.m.f .,  the  customer's  bill 
being  based  on  reading  of  meter  on  output  side  of  the  transformer? 
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CHAPTER  IX 

ARMATURE  WINDINGS  OF  ALTERNATING- 
CURRENT  MACHINES 

In  this  chapter  will  be  considered  the  windings  of  arma- 
tures only.  '  The  field  windings  will  not  be  discussed  because 
these  carry  direct  current  and  have  no  proper  place  here. 
The  armature  of  a  generator  has  been  defined  as  that  part 
of  the  generator  which  delivers  power  to  the  external  circuit. 
Accordingly,  the  armature  of  a  motor  is  that  part  of  a  motor 
which  would  deliver  power  to  the  circuit  if  the  motor  were 
run  as  a  generator.  We  have  seen  that  the  armature  of 
both  alternating-  and  direct-current  machines  always  carries 
alternating  current.  The  armature  is  always  the  rotor  of  a 
direct-current  machine,  but  may  be  either  the  stator  or  the 
rotor  of  an  alternating-current  machine.  It  is  usually  the 
stator. 

The  typical  altematmg-current  windings  for  motors  and 
generators  are  essentially  alike.  The  form  of  the  slots  in 
the  steel  core  of  the  armature,  into  which  the  windings  are 
placed,  differs  usually  with  the  type  of  machine,  but  the 
same  form  and  arrangement  of  coils  may  be  used  in  every 
case.  The  subject  of  windings  may  be  found  discussed  in 
great  detail  in  specialized  books,  which  should  be  con- 
sulted if  it  is  desired  to  learn  much  concerning  the  relative 
merits  of  these  windings  and  the  proper  places  to  apply 
each  type,  or  if  it  is  desired  to  know  (as  well  as  may  be, 
without  really  doing  it)  how  actually  to  manufacture  the 
windings  and  assemble  them  on  the  machine.  Here  we 
shall  emphasize  only  the  electrical  relations  and  principles 
involved.     Explanations  will  be  made  in  most  cases  with 

particular  xef erence  to  alternating-current  generators  in  order 
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to  make  clearer  the  electromotive-force  relations  involvecL 
It  is  usually  more  convenient  both  to  make  and  to  under- 
stand a  diagram  representing  a  winding,  if  it  refers  to  a 
rotating  armature.  Hence  the  general  use  of  such  diagrams 
throughout  this  book  does  not  mean  that  rotating  armatures 
are  common.  In  practice,  all  armatures  of  machines  larger 
than  25  kilowatts,  other  than  synchronous  converters,  are  of 
the  stationary  type.  Whether  the  armature  is  the  stator  or 
the  rotor,  the  form  of  the  windings  may  be  exactly  the  same; 
—  the  coils  on  a  moving  armature  being  placed  in  slots  on 
the  outside  surface  of  a  rotating  cylinder,  while  the  coils  of 
a  stationary  armature  are  placed  in  slots  on  the  inside  cylin- 
drical surface  of  the  stator. 

98.  Structure  of  the  Winding.  Windings  are  studied 
altogether  by  diagrams  in  which  the  armature  circuite  are 
represented  by  lines  arranged  in  various  conventional  ways. 
Before  committing  ourselves  to  the  study  of  such  diagrams, 
it  is  well  to  gain  a  concrete  idea  of  the  physical  appearance 
of  the  windings.  Mechanically,  the  winding  usually  con- 
sists of  a  number  of  coils  which  are  connected  together  to 
form  a  series  or  group.  The  coils  may  be  all  alike,  or  there 
may  be  a  number  of  different  shapes  and  sizes  of  coils  in 
the  same  machine.  Each  coil  may  consist  of  a  single  turn, 
each  side  forming  one  of  the  inductors;  or  it  may  consist 
of  several  turns  of  round  copper  wire  or  strip  of  rectangular 
section.  Again,  each  turn  may  consist  of  several  wires 
or  strips  connected  in  parallel,  in  preference  to  a  heavy, 
stiff  bar  of  the  same  conductivity.  The  various  turns  of 
any  coil  are  insulated  from  each  other  by  micanite,  or 
cotton  tape  impregnated  with  insulating  paint,  suflSciently 
well  to  stand  any  e.m.f.  that  can  occur  between  successive 
turns.  The  whole  coil  also  is  thoroughly  insulated  by  being 
wrapped  with  empire  cloth,  with  perhaps  cotton  tape  around 
the  outside  to  bind  it  together  or  prevent  mechanical  injury 
to  the  insulation.  The  thickness  and  character  of  the  in- 
sulation used  depends  upon  the  voltage  of  the  machine. 
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Each  slot  in  the  armature  core  is  usually  lined  with  some 
strong  form  of  sheet  insulation  before  the  side  of  a  coil  is 
put  into  it.  The  slot  may  contain  one  side  of  one  coil,  or 
one  side  of  each  of  two  different  coils,  depending  upon  the 
style  of  winding.    When  these  have  been  properly  placed. 


Fig.  310.  Bar-wound  armature  (stator)  in  the  process  of  construction. 
Each  bar  forma  one  side  of  a.  coll.  In  thb  case  there  are  two  bore 
per  slot.    General  Electric  Co. 

a  wedge  of  hard  wood  or  fiber  is  driven  into  the  slot  over  the 
top  of  the  coil  to  make  the  construction  rigid  and  to  protect 
the  coils  from  injury, 

99.  Appearance  of  the  Windings.     Fig.  310   shows  a 
bsi^wouod   armature    (stator)    in   course   of   construction. 


Appearance  of  coils  like  those  in  Fig.  310,  when  removed 

from  the  slots.    Westinghaute  Mfg.  Co. 


Via.  312.    Tlvee-phasc  chain-winding,  one  slot  per  pole  per  phue. 
Each  coil  consists  of  several  turns  as  shown  in  F^.  313.    Gentnd 

EUctrieCo. 
(1201 
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Each  coil  consists  of  one  turn,  the  left  aide  or  inductor 
lyii^  at  the  bottom  of  one  slot  and  the  right  side  or  inductor 
lyii^  at  the  top  of  another  slot,  making  what  is  called 
a  "two-layer  winding" 
(seeArt.  109).  Though 
not  for  the  same  genera- 
tor, Fig.  31 1  shows  what 
such  coils  look  like  when 
taken  out  of  the  slots; 
each  of  the  four  coils  in 
this  picture  consists  of 
two  copper  bars  in  par- 
allel, one  above  the 
other.  Fig.  312  shows 
a  coil  winding  of  the 
particular  type  com- 
monly known  as  a 
chain-winding,  on  ac- 
count of  its  apparent 
likeness  to  the  form  of 
a  chain.  Each  coil  of 
this  winding  consists 
of  several  turns,  and 
the  coils  when  removed  i 
from  the  slots  look 
something  Uke  Fig,  313. 

There  are  seen  to  be  Fiq.  313.  Appearance  of  the  coils  in  the 
two  different  forms  of  chain-winding  of  Fig.  312.  Note  that 
coil  in  Fig.  312  and  t'l''  •'"ils  consist  of  two  different  forms. 
Fig.  313.  Either  of  AUU-Chatm^s  Co. 
these  windings  could  be  connected  up  for  single  phase  or  three 
phase  by  following  the  suggestions  already  given  in  Chapter 
VIII  and  further  ones  to  be  given  in  this  chapter.  How- 
ever, Fig.  313  is  ft  typical  three-phase  winding,  with  one 
slot  per  pole  per  phase.  Fig.  314  is  a  chain-wintUng  for  a 
three-phase  500-kw.  vertical  shaft  alternator  driven  by  a 
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Pio.  314.  A  portion  of  the  chain-wound  Ekrmature  of  a  three-phase 
500-kv-a.  vertical-shaft  alternator;  water-wheel  type.  One  slot  per 
pole  per  phoae,  single-layer  winding,     AUia^halmrra  Co. 
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water  wheel.  It  has  one  slot  per  pole  per  phase  and  is  a 
single-layer  winding.  Fig.  315  shows  a  three-phase  stater 
with  three  slots  per  phase  per  pole;  Fig.  316  shows  the 
same  kind  of  a  winding  in  course  of  construction  on  a  dififer- 
ent  machine.  Fig,  317  illustrates  a  two-phase  200-kw.  stator 
with  three  slots  per  phase  per  pole. 

100.  Pitch.  Element  of  Winding.  A  few  terms  should 
be  explained  which  have  general  application  and  are  fre- 
quently used  in  describing  windings.  The  pole-pitch  is  the 
distance  between  centers  of  adjacent  poles  {N  and  S). 
Sometimes  it  is  expressed  in  inches  measured  on  the  pe- 
riphery of  the  armature,  but  in  relation  to  windings  it  is 
usually  expressed  in  terms  of  slots.  That  is,  if  a  machine 
has,  altogether,  72  equidistant  slots  and  6  poles,  the  pole- 
pitch  is  12  slots.  When  a  coil  spans  exactly  the  distance 
between  centers  of  adjacent  poles,  it  is  said  to  be  a  full-pitch 
coil  or  winding;  but  if  it  spans  less  than  this,  so  that  the  two 
sides  of  a  coil  are  not  exactly  under  the  centers  of  adjacent 
poles  at  the  same  instant,  it  is  said  to  have  a  fractional  pitch. 
If  the  coil  is  less  than  full  pitch,  it  is  said  to  be  a  short-pitch 
coil  or  winding.  Such  coils  have  a  very  pronounced  effect 
in  smoothing  out  the  wave  of  induced  e.m.f.,  making  it 
approach  more  closely  to  sine  form  if  properly  designed. 
An  element  of  winding  is  the  term  used  for  the  inductor  or 
bundle  of  inductors  composing  one  side  of  a  single  coil;  a 
slot  may  contain  one  or  two  winding  elements,  depending 
on  whether  it  is  a  single-layer  or  a  two-layer  winding. 

The  e.m.f.  which  can  be  induced  in  a  single  inductor  (or 
conductor  which  cuts  flux  on  the  surface  of  the  armature) 
depends  upon  the  effective  length  of  the  inductor  (that  part 
of  its  total  length  which  is  active  or  cuts  flux),  the  linear 
speed  at  which  the  flux  moves  with  relation  to  the  armature 
and  the  flux  density  in  the  air  gap  where  the  cutting  of  flux 
occurs.  Using  practicable  values  of  armature  length,  pe- 
ripheral speed  and  air-gap  density  for  flux,  the  effective 
value  of  e.m.f.  which  can  be  induced  in  a  single  inductor  is 
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Fio.  318.    A  stalor  in  the  proceBs  of  conatructioa,  haviog  three  Hlola 
per  phaae  per  pole.    AUU-CMmers  Co. 
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not  large,  from  5  to  9  volts  per  foot  of  active  length  of  a 
single  inductor  being  the  usual  value. 

Prob.  1-S.  Usual  practice  in  the  design  of  altematiDg-current 
generators  for  low  and  moderate  speeds  employs  an  average  flux 
density  in  the  air  gap  equal  to  from  40,000  to  60,000  lines  per  square 
inch,  and  a  peripheral  speed  of  from  4S00  to  6000  feet  per  minute. 


Fio.  317.    The  slawr  of  a  two-phase  alternator  having  three  slota 
per  phase  per  pole.     Wi-nHnghouse  Mfg.  Co. 

Using  these  values,  calculate  the  lower  and  upper  limiting  values 
for  the  average  e.m.f.  induced  in  an  armature  inductor  having  one 
foot  useful  length.  .Assuming  the  flux  distribution  to  be  such  that 
this  induced  e.m.f.  varies  according  to  the  sine  law,  calculate  the  lim- 
iting value  of  the  effective  e.m.f.  per  foot  useful  length  of  inductor, 
Prob.  2-9.  If  good  proportions  in  the  design  of  a  certain  gen- 
erator require  the  useful  length  of  each  inductor  to  be  not  over 
two  feet,  how  many  inductors  must  be  connected  in  series  (aasuiTH 
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ing  the  e.m.f.  in  all  of  them  to  be  in  phase  with  each  other)  to  give 
an  effective  e.m.f.  of  6900  volts  between  the  terminals  of  the 
winding?    Use  averi^e  speed  and  flux  density  of  Prob.  I. 

101.  Simplest  Armature  Connectioiis.  It  is  necessary 
to  multiply  the  number  of  inductors  in  the  armature  circuit, 
not  only  to  produce  the  voltages  suited  for  commercial 
circuits  and  apparatus,  and  for  the  economical  handling  of 


Fia.  318.     The  eimplest  posBible  wngle-phaee  armature  winding;  — 
one  inductor  per  pole. 

electric  power  in  quantity,  but  also  in  order  to  supply  two 
or  more  different  phases  to  the  external  circuits  connected  to 
the  generator,  as  has  been  found  desirable  in  the  operation 
of  many  types  of  electrical  apparatus,  particularly  motors. 
(See  Chapter  IV,  Second  Course.)  We  shall  explain  here 
a  few  typical  methods  in  regular  use  for  arranging  a  multi- 
tude of  inductors  upon  the  surface  of  the  armature,  and  for 
connecting  them  together  properly  into  one  or  more  circuits 
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or  phases.  This  subject  of  windings  is  of  great  importance 
to  the  designer  and  manufacturer,  but  concerns  the  operator 
or  repair-man  only  to  the  extent  that  he  must  be  able  in- 
telligently to  trace  out  the  winding  of  any  given  machine, 
and  restore  or  rearrange  the  connections  when  necessary. 

In  Fig.  318  and  318a,  observe  the  simplest  possible  case  — 
a  single-phase  concentrated  winding  with  one  inductor  per  pole. 


Fio.  318a.    The  ooDventional  representation  of  the  geDerator 

shown  in  Fig.  318. 

Four-pole  construction  has  been  chosen,  merely  for  simplic- 
ity. The  principles  involved  could  be  applied  and  explained 
exactly  as  well  for  a  two-,  six-  or  eight-pole  field,  or  for  any 
number  of  poles,  but  the  sketches  would  not  be  so  easy  to 
trace  through.  With  the  clockwise  direction  of  rotation  as 
indicated,  any  inductor  will  have  induced  in  it,  according  to 
Lenz's  law,  an  e.m.f .  away  from  the  reader  (indicated  by  the 
mark  ©),  while  passing  under  a  North  pole,  and  an  e.m.f. 
toward  the  reader  (indicated  by  the  mark  O),  while  pass- 
ing under  a  South  pole.  All  of  the  inductors  are  spaced 
so  that  they  occupy  exactly  corresponding  positions  under 
the  poles  at  any  given  instant.  The  flux  is  distributed 
in  exactly  similar  manner  under  all  poles,  because  the  me- 
chanical construction  is  symmetrical.      Hence  the  e.m.f.'8 
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in  all  inductors  reach  their  maximum  values  at  the  same 
instant  ind  their  zero  values  at  the  same  instant  —  that  is, 
they  are  all  in  the  same  phase,  or  in  phase  with  each  other. 
In  Fig.  319,  the  same  inductors  are  shown  connected 
together  in  series  into  a  single  circuit,  in  such  a  way  that 
the  various  e.m.f.'s  do  not  oppose  and  cancel  each  other, 
but  add  together.  The  wave-form  of  the  e.m.f.  for  the 
whole  circuit  will  be  exactly  the  same  as  that  for  any  single 
one  of  the  component  inductors,  as  they  are  all  identical 


Fig.  310.  The  four  inductors  are  so  connected  that  they  form  a 
single-phase  winding,  the  e.mi.  of  which  is  the  sum  of  the  e.m.f/8 
in  all  the  inductors. 

and  exactly  in  phase  with  each  other.  But  the  maximum 
e.m.f.  of  the  winding  would  be  equal  to  the  (arithmetical) 
sum  of  the  maximum  values  of  all  the  (four)  inductors 
which  are  in  series.  Likewise,  the  effective  e.m.f.  of  the 
entire  winding  will  be  equal  to  the  (arithmetical)  sum  of  the 
effective  values  of  the  component  e.m.f.'s,  and  the  average 
total  e.m.f.  would  be  equal  to  the  arithmetical  sum  of  the 
average  values  of  the  component  e.m.f. 's.  The  connections 
between  the  ends  of  the  inductors,  by  which  they  are  placed 
electrically  in  additive  series,  are  shown  as  chords  of  the 
circle.    End-connectors  at  the  rear  or  pulley  end  of  the 
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anuature  are  shown  by  dotted  lines.  End-connections  at 
the  near  end,  where  the  collecting  rings  are,  are  shown  as 
full  lines.  Arrows  and  signs  represent  direction  of  e.m.f. 
in  the  various  parts  of  the  circuit,  at  this  particular  instant 
only,  pictured  by  the  sketch. 

101a.  Advantages  of  Slotted  Core.  In  the  very  early 
days  of  dynamo  construction,  it  was  the  practice  to  make 
the  armature  core  smooth,  and  simply  to  lay  the  inductors 
on  the  outside  surface,  as  shown  in  Fig.  319,  holding  them 
there  by  friction  only,  by  means  of  bands  of  binding  wire 
wound  tightly  around  the  armature,  separated  from  the  con- 
ductors by  bands  of  strong  insulation.  The  smooth-core 
armature  was  soon  discarded,  however,  on  account  of  two 
great  defects: 

(1)  The  large  magnetic  forces  exerted  on  the  wires  when 
the  machine  carried  heavy  loads,  and  particularly  when  a 
short-circuit  occurred,  often  twisted  the  winding  around 
on  the  smooth  core,  ruining  the  insulation  and  necessitating 
rewinding. 

(2)  When,  as  usual,  a  large  number  or  large  size  of 
inductors  must  be  employed,  the  air  distance  between  arma- 
ture core  and  pole  faces  required  for  the  conductors,  insu- 
lation, and  mechanical  clearance,  altogether,  becomes  so 
large  that  a  very  great  number  of  ampere-turns  are  needed 
on  the  field  magnets  to  produce  the  required  amount  of  flux 
against  such  a  large  reluctance.  This  increases  the  cost 
and  lowers  the  efficiency  of  the  machine. 

Therefore,  to  transmit  the  magnetic  forces  more  safely  to 
the  shaft,  to  reduce  the  amount  of  copper  wire  needed  and 
the  power  lost  in  the  field,  and  to  improve  the  voltage  reg- 
ulation and  efficiency  of  the  generator,  the  inductors  are  sunk 
below  the  cylindrical  surface  of  the  armature  into  slots  which 
are  lined  with  insulation.  The  slots  are  usually,  in  large  ma- 
chines, rectangular  in  shape,  narrow,  deep  radially,  and  open 
at  the  top  to  permit  easy  insertion  of  the  winding,  which  is 
prepared  separately  in  the  form  of  coils.    These  coib  are 
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laid  in  the  slots  and  connected  together  properly  to  form  the 
complete  winding.  Note  that  the  winding  of  Fig.  320  is 
exactly  like  that  of  Fig.  319,  excepting  that  it  has  been  sunk 
into  slots,  which  have  been  cut  in  the  armature  core  and 
lined  with  some  sheet  form  of  insulation,  such  as  fiber, 
leatheroid,  presspahn  or  paper. 

Prob.  ^9.  Draw,  to  scale,  the  curve  of  total  e.m.f.  induced 
between  the  collecting  rings  during  one  complete  revolution  of 
the  armature  shown  in  Fig.  319  and  320,  on  the  following  assump- 
tions :  Poles  cover  two-thirds  of  the  periphery  of  the  armature ;  useful 


Fig.  320.    Simple  armature  winding  of  Fig.  319,  with  the  coils  sunk 

into  slots. 

length  of  magnetic  field  parallel  to  shaft  or  axis  of  rotation,  10 
inches;  diameter  of  armature,  10  inches;  peripheral  speed,  5000  feet 
per  minute;  density  of  flux  imder  pole  face,  50,000  lines  per  square 
inch;  flux  uniformly  distributed  under  pole  face,  density  falling  off 
uniformly  between  pole  tips  and  neutral  points  midway  between 
poles.  In  drawing  the  e.m.f .  curve,  consider  the  direction  of  e.m.f. 
as  positive  when  it  is  from  PN  toward  NP  (thus,  PN  — ►  NP)  in 
external  circuit. 

Prob.  4-9.  (a)  Calculate  the  average  value  and  effective  value  of 
the  e.m.f.  wave,  and  the  form  factor  of  the  generator  in  Prob.  3. 

(&)  How  many  conductors  must  be  grouped  in  each  slot,  and  con- 
nected in  additive  series  by  suitable  winding,  to  give  a  voltmeter 
reading  as  close  as  possible  to  230  volts  between  collecting  rings 
at  zero  load? 
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(c)  By  what  percentage  must  the  flux  per  pole  be  increased  or 
diminished  at  same  speed,  using  this  number  of  conductors,  to  give 
exactly  230  volts  reading? 

Prob.  6-9.  What  would  be  the  frequency  of  the  e.m.f.  of  the 
generator  in  Problem  4r-0? 

102.  Concentrated  Single-phase  Windings.  Definitions. 
Conventional  Diagrams.  When  it  becomes  necessary  to 
increase  the  total  voltage  generated  by  using  more  than  one 
conductor  in  each  slot,  we  have  to  choose  between  several 
methods  for  connecting  them  together  in  series.  Fig.  321 
and  322  both  represent  concentrated  single-phase  windings, 
being  in  this  respect  similar  to  Fig.  320  and  319.  But  a  com- 
parison of  Fig,  322  with  321  will  show  a  marked  difference 
in  the  manner  of  connecting  the  conductors  together,  not- 
withstanding the  fact  that  the  value  and  wave-form  of  the 
total  e.m.f.  induced  between  the  collecting  rings  is  the  same 
in  both  cases,  as  all  the  conductors  have  an  e.m.f.  in  phase 
with  each  other  and  are  connected  in  additive  series.  (Fol- 
low the  arrows,  to  show  the  direction  in  which  the  e.m.f.'s 
act  in  the  circuit.) 

In  discussing  armature  windings,  three  types  of  diagrams 
are  used,  each  having  both  advantages  and  disadvantages. 
Fig.  321a,  321b  and  321c,  all  representing  the  same  winding, 
illustrate  these  three  types  of  diagrams.  Fig.  321a  is  a 
diagrammatic  view  of  that  end  of  the  armature  adjacent  to 
the  collecting  rings.  Fig.  321b  is  a  circular  or  radial-type 
diagrani  of  the  winding  only,  not  showing  either  armature 
core  or  slots.  The  radial  lines  represent  conductors  on  the 
armature,  and  the  arrows  on  them  represent  direction  of 
e.m.f.  induced  at  the  instant  they  are  moving  through  the 
position  shown  in  the  diagram.  A  loop  around  any  group 
of  conductors  denotes  that  they  are  all  in  the  same  slot.  All 
lines  other  than  radial  ones,  in  the  armature  circuit,  repre- 
sent connections  between  conductors  or  coils,  at  either  end 
of  the  armature.  Fig.  321c  is  a  diagram  of  the  view  of  the 
winding  which  would  be  obtained  if  the  armature  core  were 
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to  be  cut  throi^h  at  xy  in  Fig.  321a  and  the  end  y  uncurled 
counter  clockwise  so  that  the  armature  core  and  collecting 
rings  become  straightened  out  as  if  on  a  flat  sheet  or  plane. 
This  is  called  a  developed  view  of  the  winding,  and  is  the  one 


Fia.  321.  Concentrated  single-phaae  wave  winding,  (a)  Diagram- 
matic view  from  collecting-rings  end.  (b)  Circular  or  radial  dia^ 
gram  ehowing  windings  only,     (c)  Developed   view   of   armature 


perhaps  most  usually  met  in  the  literature  of  this  subject. 
It  is  the  clearest,  to  an  experienced  person,  and  also  the  easiest 
to  draw;  but  it  is  a  little  difficult  for  the  beginner  to  aee  the 
connection  between  the  severed  ends  at  x  and  y,  especially 
when  the  windii^  has  many  poles  and  many  conductors. 
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In  either  321b  or  321c,  the  conductors  must  be  shown  side  by 
side,  although  in  fact  they  may  be  disposed  either  side  by 
side  or  one  above  the  other,  in  the  slots.  When  arranged 
in  two  layers  and  numbered,  the  conductors  underneath  re- 
ceive odd  numbers,  and  the  top  conductors  in  the  slot  have 
even  numbers.  It  is  important  to  adopt  and  adhere  to 
such  a  convention,  when  the  pitch  of  the  armature-coils  is 
expressed  (as  it  frequently  is  in  practice)  in  terms  of  inductors 
rather  than  in  terms  of  slots.  The  student  may  adopt  that 
diagram  which  afiFords  the  clearest  view  of  any  given  wind- 
ing, as  will  be  done  in  this  brief  discussion. 

Figure  321  represents  a  method  of  connecting  conductors 
together,  which  is  called  a  wave  winding.  The  reason  for 
the  name  can  be  most  clearly  seen  from  Fig.  321c,  which 
shows  how  the  circuit  progresses  around  the  armature  con- 
tinuously (in  a  clockwise  direction,  Fig.  321a  or  321b),  with 
a  sort  of  wavy  undulation,  backward  and  forward,  parallel  to 
the  shaft.  Figure  322  represents  the  same  number  of  con- 
ductors arranged  in  additive  series  in  the  same  number  of 
slots,  but  after  the  manner  known  as  a  lap  winding.  The 
reason  for  this  title  will  be  seen  most  clearly  from  Fig.  322c, 
which  shows  how  the  circuit  laps  back  upon  itself  in  a  loop 
or  coil,  imder  one  pair  of  poles,  before  progressing  forward 
by  an  end-connection  to  a  similar  loop  or  coil  under  the 
next  pair  of  poles.  The  distinction  between  lap  and  wave 
winding  will  be  made  clearer  from  subsequent  considera- 
tion of  an  armature  having  two  or  more  slots  per  pole  per 
phase,  than  from  a  "unislot"  armature  having  only  one 
slot  per  pole  per  phase,  as  in  Fig.  321  and  322.  Thus,  Fig. 
323  and  324  both  represent  single-phase  wave  windings  for 
a  four-pole  armature,  there  being  altogether  eight  inductors 
in  series  —  so  far  exactly  like  the  winding  in  Fig.  321.  The 
arrangement  of  Fig.  323  and  324,  however,  spreads  the  in- 
ductors apart  into  two  slots  per  pole  per  phase,  and  is  called 
a  distributed  winding,  whereas  that  of  Fig.  321  has  the  in- 
ductors bunched  together  in  one  slot  per  pole  per  phase,  and 
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Fia.  322.    CoDcentrated  aingle-phase  lap  winding,  equivalent  to  the 
wave  winding  in  Fig.  321. 


.<;^    /?^^ 
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W  (b) 

Fia.  323.    Distributed  single-phase  wave  winding.    Progressive  type. 
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is  called  a  concentrated  winding.  The  reader  is  asked  to 
study  closely  and  compare  the  windings  shown  in  Fig.  323 
and  324,  which  are  all  electrically  equivalent,  and  to  leam 
thereby  the  distinction  implied  by  the  adjectives  progressiTe 
and  retoogreBsive  as  applied  to  the  wave  winding.  A  curl  in 
the  diagram  of  any  end-connection  denotes  that  it  has  to 
be  a  little  longer  or  shorter  than  the  other  end-connections 


V 
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Fta.  324.     Distributed  siogle-phase  wave  vdnding,  ahowiug  two  differ- 
ent forms  of  retrogrefflive  type. 

in  the  same  winding.  Fig.  323a  requires  a  special  end-con- 
nection a  little  longer  than  the  rest,  for  each  complete 
passage  of  the  circuit  around  the  armature;  wheheas  Fig. 
324a  and  324c  require  a  shorter  special  end-connection. 

Fig.  325  shows  a  single-phase  distributed  lap  winding,  for 
the  same  four-pole  armature,  two  slots  per  pole  per  phase, 
one  inductor  per  slot.  The  (curled)  end-connector  betweeo 
pairs  of  poles  makes  it  appear  somewhat  similar  to  a  wave 
winding,  but  this  similarity  disappears  as  the  number  of 
slots  per  pole  per  phase  increases. 
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Prob.  ft-9.  An  3-pole  singie-phaae  altemator  having  a  con- 
ceatrated  winding  requires  altogether  30  conductors  in  each  slot  to 
produce  the  required  e.m.f.  of  2300  volts  at  the  standard  frequency 
of  60  cycles  per  second: 

(a)  Draw  a  diagram  to  represent  these  conductors  arranged  in 
coils  and  connected  as  a  lap  winding. 

(6)  Calculate  the  speed  of  the  alternator,  in  r.p.m. 

(c)  Calculate  the  greatest  permissible  diameter  of  the  armature, 
if  the  peripheral  speed  is  not  to  exceed  5000  ft.  per  minute  under 
normal  conditions. 

Prob.  7-9.  (o)  Calculate  the  required  flux  per  pole  of  the  genera- 
tor in  Problem  6-9  to  generate  tjiis  terminal  voltage  (2300)  at 
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Flo.  326.    Lap  winding  to  correspond  ta  the  w 


inding  of  Fig.  324. 


zero  load,  at  this  speed  with  thia  winding.  Assume  the  e.m.f.  in 
each  inductor  approximates  closely  to  a  sine  wave. 

(b)  The  average  flux  density  in  the  air  gap  under  the  pole  face 
being  60,000  lines  per  square  inch,  and  the  poles  covering  60  per 
cent  of  the  periphery  of  the  armature,  calculate  the  effective  length 
of  the  armature. 

Prob.  8-9.  Draw  a  progressive  wave  winding  for  a  «ngle< 
phase  six-pole  armature  having  24  equidistant  slots,  there  being 
one  inductor  in  every  slot. 

Prob.  9-9.  Draw  a  retrc^ressive  wave  winding  for  a  dngle- 
phase  eight-pole  armature  havii^  24  equidistant  slots,  there  being 
one  inductor  in  every  slot. 

Prob.  10-9.  Draw  a  lap  windit^  for  a  single-phase  six-pole 
armature  having  24  equidistant  slots,  there  being  one  side  of  each 
of  two  coils  in  every  slot  and  two  turns  to  every  coil.  How  many 
inductors  per  slot  are  there?  How  many  inductors  altogether,  in 
series? 
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103.  Whole-coiled  Winding.  Another  fundamental  dis- 
tinction is  illustrated  by  a  comparison  of  F^.  326  and  327, 
both  of  which  represent  a  four-pole  single-phase  alternator, 
with  one  slot  per  pole  per  phase,  and  a  total  of  e^ht  indue- 


pq 

r^ 

(•) 

(b) 

UJ    • 

u 

Fia.  326.     Whole-coiled   winding,      (b)    Ring-end    i 
PuUcy-eod  connections   (viewed  from  ring  end),     (d)   Note  that 
there  are  aa  many  coils  (in  heavy  lines)  as  polea. 

tors  or  more,  the  windings  being  thus  of  the  concentrated 
type.  In  Fig.  326a  the  eight  conductors  are  grouped  into 
coils  so  that  there  is  one  complete  turn  or  coil  for  each  pole. 
This  winding  is  called  a  whole-coiled  winding.  The  fact  that 
there  is  one  whole  coil  per  pwle  is  not  very  apparent  in  Fig. 


ARMATURE  WINDINGS 


439 


326a,  which  represents  a  winding  for  only  two  inductors  or 
one  turn  per  pole  per  phase.  But  it  is  clearly  shown  in  Fig. 
326d,  which  represents  a  winding  for  any  number  of  turns  per 
pole  per  phase,  or  any  even  number  of  inductors  per  pole  per 


(c)  (d) 

Fig.  327.     Half-coiled  windings  for  same  armature  as  in  Fig.  326. 
Note  in  (d)  that  there  are  half  as  many  coils  as  poles. 

phase,  since  there  are  usually  two  coil-sides  in  each  slot.  Fig. 
326c,  showing  the  back-connections  (viewed  through  the 
armature  from  the  ring  end),  should  also  justify  the  ''whole- 
coiled"  designation.  Fig.  326b  shows  merely  the  connec- 
tions made  at  the  front,  or  ring  end,  of  the  armature.  The 
copper  inductors  may  be  either  round  wires  or  bands  having 
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rectai^ular  cross  section.  SmaU  motors  usually  employ 
wire  coils,  but  lai^e  motors  and  generators,  in  which  the 
amperes  to  be  carried  in  each  armature  circuit  are  consid- 
erable, usually  employ  the  copper  strips.  In  very  large 
armatures  the  strip  is  enlarged  into  a  heavy  copper  bar, 
there  being  usually  in  such  cases  only  one  turn  per  coil  or 
one  inductor  per  slot.  This  is  called  a  "bar  winding," 
and  is  illustrated  in  Fig.  310  and  311.  Fig.  328a  shows  a 
cross  section  of  one  side  of  a  strip  coil,  with  the  strip  wound 
flatwise,  while  Fig.  328b  shows  a  slot  containing  one  coil- 
side,  the  coil  consisting  of  ten  turns  of  strip  wound  edge- 


(a)  (b)  (c) 

Flo.  32S.  Method  of  turanging  the  coila  in  the  armature  Blote.  (a) 
The  Btripa  are  wound  flatwise,  (b)  The  Htripa  are  wound  edge- 
wise,    (c)  A  two-layer  winding. 

wise.  Fig.  328c  shows  a  slot  containing  one  side  of  each  of 
two  coils,  composii^  what  is  called  a  two-layer  winding,  con- 
sisting, in  this  particular  case,  of  coils  of  strip  or  bar  having 
one  turn  each. 

104.  Half-coiled  Winding.  Now  compare  Fig.  327  with 
Fig.  326.  Notice  that  in  Fig.  327  the  same  number  of  in- 
ductors in  the  same  slots  on  the  same  armature  are  now 
connected  in  additive  series  into  a  single-phase  winding,  in 
such  a  way  that  they,  with  their  end-connections,  form  coils, 
the  number  of  coils  being  only  half  the  number  of  poles. 
This  is  called  a  haJf-coiled  winding.  Each  coil  has  twice  as 
many  turns  as  a  coil  of  the  corresponding  whole-coil  windii^ 
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and  each  slot  contains  one  coil-side  instead  of  two.  In 
Fig.  327c,  the  two  turns  in  series  under  poles  Ni  and  Si 
would  in  fact  be  taped  together  to  form  a  coil,  as  would  any 
number  of  inductors  in  the  same  slots.  Fig.  327d  and  326d 
show  clearly  that  with  a  half-coiled  winding  it  is  possible  to 
split  the  armature  into  sections  without  cutting  through  any 
coils  —  merely  breaking  a  soldered  connection  between  coils; 
whereas  in  the  whole-coiled  winding  it  is  impossible  to  split 
the  armature  without  either  removing  some  coils  from  the 
slots,  or  cutting  and  ruining  some  coils.  It  is  often  desir- 
able to  build  large  generators  or  motors  so  that  the  machines 
may  be  shipped  in  sections,  each  of  which  is  complete  in  it- 
self, and  ready  to  be  bolted  together  to  make  a  finished  ma- 
chine; or  so  that  the  upper  half  of  the  (stationary)  armature 
may  be  lifted  away  from  the  bed-plate  and  bearings,  so  as  to 
expose  or  remove  the  rotor  or  field  structure,  for  cleaning  or 
repairs.  The  half-coiled  winding  is  readily  adapted  to  this 
form  of  construction. 

Prob.  11-9.  Draw  a  diagram  for  a  whole-coiled  concentrated 
single-phase  winding  for  a  six-pole  alternator,  using  four  inductors 
per  slot. 

Prob.  12-9.  Draw  a  half-coiled  concentrated  single-phase  wind- 
ing for  a  six-pole  alternator,  using  24  inductors  altogether  upon 
the  armature. 

Prob.  18-9.  What  is  the  least  total  number  of  inductors  out  of 
which  a  whole-coiled  winding  may  be  made  for  an  8-pole  single- 
phase  alternator?  In  general,  to  what  rule  must  the  number  of 
inductors  per  pole  per  phase  conform  in  order  to  permit  a  whole- 
coiled  winding?  Is  there  any  corresponding  rule  for  a  half-coiled 
winding? 

Prob.  14-9.  Sketch  an  8-pole  single-phase  alternator  with  a 
concentrated  winding  arranged  so  that  the  upper  half  of  the 
stationary  armature  may  be  lifted  off  by  its  ring-bolt  at  the  top, 
exposing  the  rotating  field  in  its  bearings,  with  least  possible  dis- 
turbance to  the  windings. 

Prob.  16^9.  Draw  a  concentrated  winding  for  a  six-pole  arma- 
ture having  altogether  36  inductors,  (o)  Whole-coiled.  (6)  Half- 
coiled. 
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106.  Distributed  Windings.  The  concentrated  or  uni- 
slot  winding  has  the  advantage  that  it  gives  the  greatest 
e.m.f.  possible  to  obtain  from  a  given  number  of  inductors, 
the  generated  e.m.f. 's  of  a  single  circuit  being  all  in  phase 
with  each  other.  Or  we  might  say,  for  a  given  e.m.f .,  speed 
and  field,  the  concentrated  winding  requires  the  least  num- 
ber of  inductors.  The  chief  disadvantage  is  the  difficulty 
in  producing  a  sine  wave-form  of  e.m.f.,  since  control  of  the 
wave-form  in  this  case  can  be  had  only  by  shaping  the  pole 
face.  Moreover,  concentrating  the  winding  increases  the 
number  of  turns  per  coil;  and  as  the  inductance  of  a  coil 
increases  as  the  square  of  the  number  of  turns,  the  reactance 
of  a  winding  is  much  larger  when  it  is  concentrated  than 
when  it  is  distributed,  and  this  results  in  poorer  voltage 
regulation.  It  is  more  usual  to  distribute  the  series  in- 
ductors in  any  phase  or  circuit  of  the  armature  winding, 
among  two,  three  or  more  slots  under  each  pole.  This 
tends  to  produce  a  smoother  e.m.f.  wave,  but  on  account 
of  their  phase  differences  the  various  e.m.f.'s  in  any  series 
circuit  in  the  armature  are  added  less  effectively.  This 
will  be  clearer  from  a  calculation  based  on  Fig.  329a,  which 
represents  a  single-phase  winding,  thoroughly  distributed  — 
that  is,  it  occupies  every  one  of  a  number  of  slots  spaced 
equidistant  all  around  the  armature.  In  this  particular  case, 
there  are  4  poles  and  24  slots. 

In  the  alternator,  to  which  the  winding  diagram  Fig.  329b 
applies,  suppose  that  there  is  one  inductor  in  each  slot,  and 
that  each  inductor  produces  an  e.m.f.  of  sine  wave-form, 
having  an  effective  value  of  10  volts.  Inductors  1  +  2  +  3 
+  4  +  5  +  6  form  together  a  coil  (" spiral'*  winding)  so  con- 
nected that  the  e.m.f  .'s  are  added  together  vectorially  to  give 
the  total  e.m.f.  between  the  terminals  of  the  coil.  Similarly, 
inductors  7  to  13  add  together  to  form  a  coil,  as  do  inductors 
13  to  19,  and  19  to  24;  and  finally,  all  four  of  these  coils  are 
connected  together  in  a  series,  so  that  the  coil  e.m.f. 's  add 
together  vectorially.    Of  course,  any  two  e.m.f. 's  in  series 
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produce  a  total  which  is  in  the  broad  sense  a  vector  sum; 
but  in  the  usual  sense,  two  e.m.f.'s  are  connected  in  additive 
series  when  the  effective  voltage  across  the  entire  series  is 
greater  than  across  either  part  of  the  series;  and  they  are 
in  subtractive  series  when  the  total  effective  e.m.f .  is  less  than 
that  across  either  part  of  the  series.  Two  e.m.f.'s  may  be 
changed  from  additive  to  subtractive  series  by  reversing 


FiQ.  329a.     A  thoroughly-difitributed  single-phase  winding.     All  the 

24  slots  are  occupied. 

the  connections  to  one  of  them.  In  Fig.  329b)  the  arrows 
represent  instantaneous  directions  of  e.m.f.  in  the  various 
conductors  as  they  move  through  the  positions  shown.  The 
e.m.f.'s  in  1,  2,  3,  4,  5  and  6  are  all  in  additive  series  because 
the  maximum  instantaneous  value,  so  produced  on  the  en- 
tire coil,  is  greater  than  could  be  produced  by  any  other 
interconnection  of  the  same  series  of  inductors.  Let  us  find 
the  effective  voltage  across  this  coil. 

The  e.m.f .  in  any  conductor  reaches  its  maximum  value  in 
the  direction  we  shall  choose  to  call  positive,  as  it  passes 
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under  the  middle  of  pole  Ni.  Consider  conductors  No.  5 
and  No.  6.  For  clockwise  rotation,  conductor  No.  5 
attains  its  positive  maximum  e.m.f.  when  inductor  No.  6 
has  moved  ^  revolution  beyond  this  position.  The  pK)si- 
tive  maximum  e.m.f.  in  No.  5,  therefore,  would  occur  at  an 
instant  ^  of  2  periods  (there  being  two  cycles  of  e.m.f. 
per  revolution  in  a  4-pole  machine),  or  -jV  of  one  cycle  of 


Fig.  329b.    Another  diagram  to  show  the  winding  of  the  armature  in 

Fig.  329a. 

360°,  or  30  electrical  degrees,  after  the  e.m.f.  in  No.  6  has 
passed  its  positive  maximum.  In  other  words,  for  the  par- 
ticular number  of  ^  poles  and  slots  used  in  Fig.  329,  or  in 
general  for  a  slot  pitch  of  30  electrical  degrees  between  centers 
of  adjacent  slots,  the  e.m.f.'s  induced  in  such  slots  differ  in 
phase  successively  by  30  electrical  degrees.  Similarly,  the 
e.m.f.  in  No.  4  is  30°  behind  No.  5;  No.  3  is  30°  behind 
No.  4;  No.  2  is  30°  behind  No.  3;  No.  1  is  30°  behind  No.  2. 
Fig.  330  is  a  (topographic)  vector  diagram  showing  the  re- 
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lation  between  the  e.m.f.'s  Et,  Et,  Et,  Ej,  Et  and  E,,  on  the 
basis  that  they  are  numerically  equal  to  each  other,  and 
just  30  electrical  degrees  apart.     Havii^  laid  out  this  dia- 
gram, it  is  merely  a  matter  of  elementary  trigonometry  to 
show  that  the  resultant  e.m,f.  (vector  OR)  of  all  six  inductors 
in  additive  series  is  equal  to  the  numerical  sum  of  their 
effective  e.m.f.,  times  the  factor  0.644,  or  equal  to  the 
effective  value  of  e.m.f.'a  in  any  one  inductor  multiplied  by 
(6  X  0.644),  or  3.864.     If  there  had  been  only  three  adja- 
cent inductors  30  electrical 
degrees  apart,  in   additive 
series,    the    total    effective 
e,m.f.    would    have    been 
equal    to    that   of  one  in- 
ductor, multiplied  by  the 
factor  (3  X  0.911),  or  2.732. 
The  numbers  0.966,  0.011, 
0.836,  given  in  Fig.  330,  are 
the  ratios  between  the  ac- 
tual e.m.f.  of  the  series  and 
the  numerical  sum  of  the 
component  e.m.f.'s,  on  the 
basis    (as    already    noted) 

that  the  e.m.f.'e  C0mp08ii^'.&*'-  330.    Topographic  vector  dia- 
the   series  are   aU   of    sine       gram  <>t  voltage  across  one  gr^iip 
.  ...  of  inductors  in  nindiog  of  Fib.  339. 

wavo-form,  equal  in  value, 

and  30  degrees  apart,  successively  and  all  in  additive  series. 
Further,  the  resultant  e.m.f.'s  in  the  four  whole  groups  or 
spirals  of  Fig.  329b  reach  their  maximum  values  all  at  the 
same  instant  and  in  the  same  direction  through  the  circuit. 
Fig.  331  indicates  this  fact  and  shows  that  the  total  e.m.f. 
of  the  entire  winding  of  Fig.  329,  occupying  24  slots,  is  equal 
to  only  15.5  times  the  e.m.f.  induced  in  a  single  slot. 

106.  Comparison  of  Distributed  to  Concentrated  Wind- 
ing. The  vector  diagrams  of  Fig.  330  and  331  show  that 
the  total  e.m.f.  induced  in  the  series  of  inductors  (1  -|-  2  +  3 
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+  4  +  5  +  6)  is  equal  to  0.644  X  6  X  10  =  38.64  volts, 
R.M.S.  (root-mean-square,  or  eflFective  value),  when  there 
is  one  inductor  in  each  slot  and  ten  volts  induced  in  each 
inductor.  The  total  e.m.f.  induced  between  the  rings  of 
Fig.  329  is  4  X  38.64  =  154.6  volts  effective,  since  there 

are  4  .groups  like  this  one,  all  in 
additive  series  and  in  phase. 

If  this  winding  were  concentrated, 
using  only  one  slot  per  pole,  with 
six  inductors  in  each  slot,  the  total 
e.m.f.  of  an  additive  series  of  the 
same  six  inductors  would  be  6  X  10 
=  60  volts.  In  other  words,  to  in- 
duce any  given  value  of  total  eflFec- 
tive e.m.f.  between  the  terminals 
of  a  winding  so  distributed  would 

require  just  ^q-^t  =  1.56  times  as 

Oo.o4 

many  inductors,  or  about  56  per 
cent  more  copper  in  the  armature 
winding,   than  would  be  required 
if  the   winding  were  concentrated 
into  one  slot  per  pole.     (This  does 
not  consider  the  amount  of  copper 
Fia.  331.   Topographic  vec-  used  in  the  ends  of  coils  and  end- 
tor  diagrams  of  voltages  connections  between  coils.)    If  the 
across    the    four    series  ^ross  section  of  the  copper  were  the 
groups  in  Winding  of  Fig.  ^^^  j^^  ^^^j^  ^^^^^  ^^^  resistance 

of  the  winding  and  the  PR  loss  in 
the  armature  would  be  correspondingly  greater  for  the  dis- 
tributed winding  than  for  a  concentrated  winding  of  the 
same  kilovolt-ampere  and  voltage  rating  (same  amperes  per 
circuit).  This  would  make  the  efficiency  of  the  machine 
having  the  distributed  winding  less.  In  order  to  get 
the  efficiency  of  the  distributed  winding  to  equal  that 
of  the  concentrated  winding,  using  the  same  slots,  induo- 
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tors,  field  and  speed,  the  cross  section  of  the  copper  must 
be  increased  also  by  56  per  cent,  to  keep  its  total  resistance 
the  same  as  for  the  concentrated  winding.  The  combined 
effect  of  increasing  the  section  and  the  length  is  to  increase 
the  weight  and  cost  of  copper  very  greatly.  But  the  dis- 
tributed winding  gives  a  smoother  e.m.f.  wave,  approaching 
more  closely  to  the  sine  form,  eliminating  the  ripples  and 
peaks  shown  in  Fig.  286a,  which  are  usually  foimd  in  the 
e.m.f.  from  a  concentrated  winding.  The  armature]  reaction 
also  is  less  than  for  a  concentrated  winding;  that  is,  the 
changes  in  value  and  distribution  of  the  magnetic  flux 
entering  the  armature,  due  to  changes  of  load,  are  reduced. 
This  gives  a  better  voltage  regulation  and  a  more  constant 
form  of  e.m.f.  wave  with  varying  load,  for  the  distributed 
winding. 

Prob.  1^9.  (a)  Calculate  the  e.m.f.  induced  in  the  whole 
winding  of  Fig.  329,  there  being  ten  conductors  in  each  slot,  and  an 
e.m.f .  of  sine  wave-form  and  5  volts  eflFective  value  in  each  conductor. 

(6)  Draw  the  diagram  for  this  winding,  after  the  manner  of  Fig. 
329b. 

Prob.  17-9.  If  the  winding  in  Fig.  329  were  distributed  in 
four  of  the  six  equidistant  slots  per  pole,  by  what  percentage  would 
the  total  e.m.f.  be  less  than  that  which  would  be  induced  in  an 
equal  total  number  of  conductors  arranged  as  a  concentrated  wind- 
ing in  one  slot  per  pole?    Solve  on  basis  of  Fig.  330. 

Prob.  18-9.  Show  how  the  vector  diagrams  corresponding  to 
Fig.  330  and  331  would  appear  for  a  thoroughly-distributed  single- 
phase  winding  for  a  six-pole  armature  with  24  slots.  In  this  case, 
what  e.m.f.  would  each  of  the  vectors  in  this  diagram  represent? 

Prob.  19-9.  Draw  the  vector  diagrams  corresponding  to  Fig. 
330  and  331  for  a  thoroughly-distributed  single-phase  winding  for 
six-pole  armature  with  36  slots.  If  the  terminal  e.m.f.  of  the 
entire  winding  is  2300  volts,  how  many  volts  per  slot? 

107.  How  a  Desired  E.M.F.  is  Built  Up.  This  same 
armature  (Fig.  329)  could  be  made  to  give  any  required 
voltage  between  the  collecting  rings,  by  simply  increasing 
the  number  of  conductors  in  each  slot,  and  connecting  them 


448 


ALTERNATING-CURRENT  ELECTRICITY 


together  ia  additive  series  in  the  form  of  coils,  as  illustrated 
in  Fig.  332.     If  it  be  required  to  produce  300  volts  between 

the  collecting  rii^,  we  must  put  =  approximately  2 

conductors  in  each  slot,  each  conductor  generating  10  volts, 


FlQ.  332.  A  more  detailed  plfla  of  the  armature  winding  of  Fig.  329, 
showing  the  form  of  the  coils.  Note  that  tiiree  forma  of  coil  are  used. 
The  end-comiections  between  eoila  are  not  exactly  those  of  Fig.  329, 
but  are  equivalent  to  them. 

effective,  connecting  them  all  together  as  shown  in  detail  by 
the  winding  diagram  of  Fig,  333.  The  exact  volt^e  of  300 
would  then  be  obtained  by  reducing  the  flux  slightly,  in 

fact  to  n  y  1  s-t  ft '  '^''  ^^-^  P**"  *^°*  °^  '^  former  amount. 
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Notice  that  three  kinds  of  coils  are  required,  that  they  are  all 
wound  up  similarly,  but  are  connected  differently  under  the 
different  poles.  If  Si,  &,  Ss,  etc.,  represent  the  starting  end  of 
any  coil,  and  Fe,  Fj,  F4,  etc.,  represent  the  finishing  end  of 
the  same  coil  (respectively),  the  coils  are  all  wound  up  right- 
handedly  or  clockwise  in  this  figure.  To  connect  the  three 
coils  of  any  one  group  together  in  additive  series,  the  finish- 
ing end  of  one  coil  is  connected  to  the  starting  end  of  the 
next  coil  of  the  same  group,  or  the  starting  end  of  one  coil 
to  the  finishing  end  of  the  next  coil.  The  first  group,  for 
instance,  starts  at  S\,  and  ends  at  ^4}  while  the  second 
group  of  coils  starts  at  Si  and  ends  at  Fio,  the  third  group 
starts  at  Su  and  ends  at  Fie,  the  fourth  group  starts  at  S19 
and  ends  at  F^.  Observing  the  armature  as  in  Fig.  332, 
when  all  groups  are  in  the  position  where  the  maximum 
total  instantaneous  value  of  e.m.f.  is  generated  in  them,  we 
see  that  the  e.m.f.  acts  clockwise  around  one  group  of  coils 
(as  1-6,  2-5  and  3-4),  while  it  acts  counter  clockwise  around 
the  next  adjacent  group  of  coils  (as  7-12,  8-11  and  &-10). 
Consequently,  in  connecting  the  groups  together,  the  end- 
connections  between  groups  must  be  made  from  finishing 
end  of  one  group  to  finishing  end  of  the  next  group,  from 
starting  end  of  this  group  to  starting  end  of  the  next  ad- 
jacent group,  and  so  on  around  the  armature.  This  is 
necessary  in  order  that  the  e.m.f.  in  all  of  the  conductors 
composing  the  entire  winding  may  act  together  in  a  way  to 
make  the  e.m.f.  of  the  whole  winding  as  great  as  possible, 
at  the  instant  when  the  maximum  cyclic  value  is  reached. 
The  details  of  sequence  in  connecting  the  ends  of  adjacent 
coils  together,  as  shown  in  Fig.  333,  are  ordinarily  imder- 
stood  but  not  shown.  In  other  words,  coils  are  treated  and 
connected  up  together,  just  as  single  turns,  provided  they 
are  all  wound  up  in  a  similar  sense,  as  used  and  as  illus- 
trated in  Fig.  333.  When  thus  composed  of  coils,  the  spiral 
winding  has  an  appearance  resembling  a  chain  and  is  some- 
times called  a  chain  winding  (see  Fig.  314, 312, 315).    Vector 
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diagrams  similar  to  Fig.  330  are  sufficient  to  calculate  the 
terminal  e.m.f.  of  an  entire  winding,  whether  thoroughly  or 
only  partly  distributed,  provided  the  spacing  of  the  slots 
and  number  of  poles  is  known,  and  the  e.m.f.  induced  in 
each  slot  is  of  sine  wave-form.  This  diagram  is  not  sufficient, 
however,  to  compare  the  relative  contribution  of  each  indi- 
vidual coil  of  the  chain  winding,  toward  the  total  e.m.f.  or 
the  total  power  output.  Fig.  333a  is  a  polar  diagram  of 
vectors  corresponding  to  Fig.  330.  It  demonstrates  that  the 
slots  (or  winding  elements,  whichever  you  choose  to  con- 
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Fig.  333a.     A  combination  of  polar  vector  diagrams  to  repr&-    i 
sent  the  resulting  voltage  across  each  coil  of  the  winding  in 
Fig.  329.    The  Ime  OR  represents  the  resultant  of  the  vol- 
tages Ely  Ei,  Etf  Ei,  El  and  ^a. 

aider)  do  not  all  contribute  equally  toward  the  total  e.m.f., 
although  each  contains  about  the  same  amount  of  copper. 
In  Fig.  333a,  Ei^  represents  the  e.m.f.  induced  in  the  coil 
occupying  slots  1  and  6,  -B2-6  represents  the  e.m.f.  induced 
in  the  coil  occupying  slots  2  and  5,  and  so  forth.  The  total 
e.m.f.  {OR)  of  the  entire  group  of  coils  is  seen  to  be  the 
same  as  in  Fig.  330.  If  we  desire  to  economize  by  cutting 
out  the  less  useful  of  the  elements  in  Fig.  332,  so  as  to  make 
the  winding  only  partly  distributed,  where  should  we  be- 
gin —  which  coils  are  least  worth  keeping? 

108.  Economy  of  Copper.  Partly-distributed  Windings. 
Fig.  334  represents  a  thoroughly-distributed  single-phase 
winding  for  four  poles.  Just  for  variety,  the  total  number 
of  slots  has  been  taken  as  32  in  this  case.    Using  thus  8 
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slots  per  pole,  the  phase  differeace  between  adjacent  slots  or 
elements  of  winding  is  }  of  180°,  or  22)  electrical  degrees. 
If  in  Fig.  335  vectors  E\,  Et,  Et,  etc.,  represent  to  scale  the 
equal  e.m.f.'s  induced  in  each  winding  element  of  Fig.  334 
(or  all  the  inductors  composing  one  side  of  a  coil),  them 
F^.  336  represents  how  the  e^ht  elements  compomng  four 
coils  (which  together  form  just  \  of  the  entire  windii^,  the 
other  quarters  being  exact  repetitions  of  this  one)  all  add 


v. 


Fia.  334.  Developed  plan  of  a,  thoroughty'distrttiuted  uDgle-phaae 
annature  winding  for  four  poles.  There  are  32  slota,  or  8  slots  pa 
pole.  The  slots  are  therefore  \  of  180  electrical  degrees  apart.  Note 
that  therefore  the  e.m.f.'s  of  adjacent  elements  have  a  phase  diffo^ 
ence  of  22}°. 

together  to  produce  the  total  e.m.f.  E  (S  to  C)  for  the  entire 
group.  Fig.  336  is  similar  to  Fig.  330,  the  slight  differences 
being  merely  in  lei^hs  of  vectors  and  the  phase  angle  be- 
tween adjacent  slots.  But  the  question  here  is,  exactly  bow 
is  this  total  e.m.f.  E  {SXio  C)  oi  one  group  built  up?  What 
is  the  e.m.f.  in  each  of  the  four  coils  composing  the 
group? 

Number  the  winding  elements  successively  1,  2,  3,  etc.,  as 
shown.  Choosing  the  positive  direction  of  e.m.f.  in  every  ele- 
ment to  be  upward  in  Fig.  334,  the  e.m.f.'8  in  adjacent  elements 
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Fig.  335.  Polar  vector 
diagram  of  the  e.m.f.'s 
induced  in  the  inductors 
of  four  coils.  There 
are  foiu*  of  these  four- 
coil  groups  in  the  whole 
winding. 


successively  have  phase  difiference  of  22i°,  as  illustrated  by 
Fig.  335.  The  arrows  in  Fig.  334  indicate  the  e.m.f.  at  the 
particular  instant  the  winding  moves  through  the  position 
shown  (if  they  be  considered  to  belong 
to  and  move  with  the  inductors) ;  or 
they  indicate  the  direction  of  e.m.f. 
induced  in  any  inductor  as  it  moves 
through  that  particular  location  in  the 
field  (if  the  arrows  be  considered  as 
fixed  in  position  and  direction) .  It  is 
seen  that  in  order  to  get  the  greatest 
maximum  instantaneous  e.m.f .  for  the 
entire  winding,  we  have  connected  ele- 
ments 1  and  8  together  into  a  coil  in  such  way  that  their  fixed 
positive  directions  are  in  opposite  direction  through  the  series, 
which  brings  their  instantaneous  e.m.f.'s  usually  in  the  same 

direction  so  as  to  add  together,  because 
the  two  sides  of  the  coil  are  at  all  in- 
stants moving  under  opposite  poles. 
So  it  is  also  with  elements  2  and  7, 
which  form  another  coil  (within  the 
largest  coil  1-8) ;  and  so  also  with  coils 
3-6  and  4-5.    But  for  a  considerable 
fraction  of  the  time    both    sides  of 
each  small  coil,  as  4-5,  are  generating 
instantaneous  e.m.f.'s  directly  oppo- 
site to  each  other  because  the  narrow 
span  of  the  coil  compels  both  sides 
to  be  moving  under  the  same  pole; 
Fig.  336.    Topographic  and   at    all    such  instants    the    total 
vector  diagram  of  the  e.m.f.    of    the    coil    is    equal   to    the 
e.m.f.'s  in  one  four-  arithmetical  difiference  of  the  e.m.f.'s 
coi  group.  jj^  ^j^^  elements,  instead  of  the  arith- 

metical sum.  Hence  the  e.m.f.  of  this  coil  is  less  than  that 
of  the  others,  although  it  has  the  same  number  of  inductors 
and  moves  at  the  same  speed  in  the  same  field.     Another 
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way  to  look  at  it,  is  that  coil  4-5  encloses  a  smaller  total  quan- 
tity of  flux  than  any  other.  Hence  as  it  moves  from  place 
to  place  in  the  field  where  the  flux  density  is  not  uniform,  the 
rate  of  variation  of  flux  enclosed  by  the  coil,  or  the  number 
of  lines  of  force  appearing  or  disappearing  within  it  per 
second  as  it  moves  from  a  weak  field  into  a  dense  field  or 
vice  versa,  is  less  than  in  the  other  coils,  and  the  e.m.f. 
induced  in  it  is  therefore  also  correspondingly  less.  If  the 
flux  were  uniformly  distributed  around  the  armature,  the 
coil  4-5  most  of  the  time  would  generate  no  e.m.f.  at  all, 
because  the  instantaneous  e.m.f. 's  in  its  two  sides  would  be 
not  only  opposite  in  direction,  but  equal  in  value  also. 
The  same  remarks  apply  also  to  the  other  narrow  coils,  in 
proportion  to  their  narrowness.  This  has  a  great  eflfect 
upon  the  resultant  e.m.f.  of  the  coils  and  of  the  entire 
winding.  To  illustrate  this  vectorially,  we  draw  Fig.  336a, 
which  is  intended  to  show  exactly  how  the  e.m.f.'s  in  the 
various  elements  of  the  group  are  added  together  vectorially 
in  their  order  of  succession  as  we  pass  through  the  armature 
circuit  in  Fig.  334.  Starting  from  S,  Fig.  334,  we  pass 
through  element  No.  1  in  the  positive  direction.  Then  by 
the  back  end-connection  we  go  ahead  in  the  direction  of 
rotation  of  the  armature  (leading  angle)  a  distance  equal  to 
7  slots  and  represented  by  7  X  22^°  =  157^°.  Then  we 
continue  the  series  by  passing  through  element  No.  8  in  the 
negative  direction  (the  positive  direction  upon  which  our 
phase  relations  are  founded  being  upward  through  every 
inductor).  Then  we  go  backward  (lag)  6  slots,  or  135°,  to 
get  to  element  No.  2  and  pass  through  element  No.  2  in  its 
positive  direction;  then  go  forward  (lead)  5  slots,  or  112^**, 
to  element  No.  7,  and  through  element  No.  7  in  its  negative 
direction;  then  backward  (lag)  4  slots,  or  90®,  to  element 
No.  3,  and  through  element  No.  3  positively;  then  forward 
(lead)  3  slots,  or  67i®,  to  element  No.  6,  and  through  element 
No.  6  negatively;  then  backward  (lag)  2  slots,  or  45®,  to  ele- 
ment No.  4,  and  through  element  No.  4  positively;   then 
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forward  (lead)  1  slot,  or  22J°,  to  element  No.  5,  and  through 
element  No.  5  negatively.  This  brings  us  to  the  end-con- 
nector marked  C,  which  is  the  end  of  this  group  of  coils, 
there  being  a  similar  group  under  every  other  pole,  all 
groups  being  connected  together  in  series  to  compose  the 
entire  winding. 

The  vector  relations  between  the  e.m.f.'s  in  these  con- 
secutive elements  of  the  series  are  represented  by  the  topo- 
graphic diagram  in  Fig.  336a.  Starting  at  /8,  we  lay  out  a 
vector,  parallel  and  equal  to  Ei  of  Fig.  335,  representing  the 
total  e.m.f.  of  all  inductors  composing  element  No.  I,  or 
that  side  of  coil  1-8  which  lies  in  slot  No.  1.    At  the  end  of  1, 
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Fig.  336a.  A  topographic  vector  diagram  of  the  e.m.f  .'s  in  the  windings 
of  Fig.  334.  Note  that  the  e.m.f.  of  coil  4-5  is  small  because  of  the 
great  phase  difference  between  the  e.m.f.'s  in  the  inductors  4  and  5 
composing  its  sides,  or  because  the  e.m.f  .'s  of  its  sides  are  in  opposi- 
tion most  of  the  time. 

we  lay  out  an  angle  in  a  leading  (counter  clockwise)  direc- 
tion, and  draw  a  vector  parallel  and  equal  to  Es,  of  Fig.  335, 
but  pointed  in  the  opposite  direction,  because  as  we  follow  the 
series  we  go  through  element  No.  8  in  a  direction  opposite 
to  its  positive  direction.  The  total  e.m.f.  in  elements  1 
and  8,  or  in  coil  1-8,  is  therefore  equal  to  the  resultant  of 
1  and  —8,  which  is  Sxj  as  indicated  on  Fig.  336a.  From  z 
we  lay  out  a  vector  parallel  to  B2,  representing  the  e.m.f. 
induced  in  No.  2,  the  next  element  which  we  pass  through 
in  its  positive  direction.  Then  from  the  end  of  E2,  Fig. 
336a,  we  lay  out  another  vector  parallel  and  equal  to  E^  of 
Fig.  335,  but  in  the  opposite  direction,  representing  nega- 
tive B7.    And  so  we  proceed  through  the  series,  until  we 
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finally  come  to  the  end  of  the  group,  which  is  represented 
by  the  point  C,  Fig.  336a.  When  this  has  been  done,  we 
find  that  the  vector  resultants  Sx  (representing  total  e.ni.f. 
of  coil  1-8),  xy  (representing  total  e.m.f.  of  coil  2-7),  yz  (rex>- 
resenting  total  e.m.f.  of  coil  3-6)  and  zC  (representing  total 
e.m.f.  of  coil  4-5)  are  all  in  phase  with  each  other  (or  along 
the  same  straight,  line),  but  are  not  equal  to  each  other. 
This  is  exactly  in  accord  with  our  previous  conclusions. 
But  we  now  have  the  exact  angidar  relations  and  a  diagram 
which  enables  us  to  calculate  the  e.m.f.  of  any  single  coil. 
Thus,  it  appears  that  the  e.m.f.  of  coil  4-5  is  equal  to  2  cos 
78J°  (or  0.39)  times  the  e.m.f.  of  one  element,  whereas  the 
e.m.f.  of  coil  1-8  is  equal  to  2  cos  11J°  (or  1.96)  tim^ 
the  e.m.f.  of  one  element,  or  five  times  as  much  e.m.f.  for 
the  same  amount  of  copper. 

Consider  a  concrete  example.  Each  coil  of  this  winding  has, 
let  us  say,  10  turns.  Each  pole  furnishes  1,000,000  lines  of  useful 
flux.  The  frequency  is  60  cycles,  and  the  flux  distribution  is  such 
that  the  generated  e.m.f.  is  of  sine  wave-form,  as  must  be  assured 
in  order  to  represent  the  e.m.f.'s  by  vectors.  What  will  be  the 
voltage  generated  in  the  smallest  coil  4-5,  in  this  case? 

Each  inductor  passes  under  60  pairs  of  poles  in  one  second,  or 
120  poles.  120  poles  X  1,000,000  lines  per  pole  =  120,000,000 
lines  cut  per  second  by  each  conductor,  average.  Average  e.m.f . 
in  each  inductor  is  therefore  1.2  volts.    The  form  factor,  or  ratio 

— ),  of  a  sine  wave,  is  1.11.    Hence  the  effective 

average  value/ 

e.m.f.  in  each  inductor  isl.ll  X  1.2  =  1.332  volts.    Each  coil-side, 

or  element  of  winding,  consists  of  10  inductors,  all  close  together 

in  the  same  slot  so  that  their  e.m.f. 's  are  in  phase  and  therefore 

add  together  arithmetically.    Hence  the  total  e.m.f .  in  each  element 

or  slot  is  13.32  volts  effective.    The  resultant  e.m.f.  in  the  small 

coil  4-5  (represented  in  Fig.  336a  by  the  vector  zC)  is  therefore 

equal  to  2  X  cos  78f  ^  times   13.32  volts,  or  5.2  volts.      If  the 

e.m.f.'s  of  the  other  coils  were  worked  out  on  the  same  basis, 

their  sum  total  (represented  by  SC)  for  the  whole  group  would 

be  found  to  have  a  value  about  68.3  volts.    All  groups  are  in 

phase  with  each  other,  and  as  there  is  one  group  for  each  pole,  the 

e.m.f .  generated  in  this  entire  winding  is  68.3  X  4  =  273  volts. 
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It  appears,  however,  that  the  four  smallest  coils  (like 

5  2 
4-5)  contribute  only  ^-^ ,  or  7.6  per  cent,  of  the  total  e.m.f ., 

although  they  contain  almost  J,  or  25  per  cent,  of  the  total 
amoimt  of  copper  on  the  winding  (exactly  J  if  we  consider  only 
the  active  length  of  the  conductors).  If  we  take  into  account 
the  ends  of  the  coils  and  end-connections  between  coils  the 
case  is  not  so  bad  against  the  small  coil.  As  the  same  cur- 
rent passes  through  all  coils,  the  PR  losses  are  in  the  same 
ratio  as  the  resistances.  And  as  the  size  of  wire  is  the  same 
throughout,  the  resistances  are  in  proportion  to  the  lengths 
of  conductor  in  the  coils.  Hence  the  coils  4-5  in  this  case 
are  responsible  for  nearly  25  per  cent  of  the  total  armature 
PR  loss.  And  since  the  resultant  e.m.f. 's  of  all  coils  are  in 
phase  with  each  other,  the  phase  relation  between  the  cur- 
rent and  the  e.m.f.  of  each  coil  is  the  same  throughout  the 
winding,  hence  the  volt-amperes  and  watts  contributed  by 
each  coil  toward  the  total  output  of  the  generator  are  in 
the  same  numerical  ratio  as  their  resultant  e.m.f. 's.  Hence 
the  coils  4-5  all  together  contribute  only  7.6  per  cent  of  the 
total  kilovolt-ampere  or  kilowatt  output.  Altogether  the 
case  looks  pretty  bad  for  these  small  coils;  and  it  is  largely 
for  this  reason  that  the  winding  is  grouped  into  two  or  three 
phases  instead  of  a  single  phase,  resulting  in  a  more  advan- 
tageous connection  of  these  elements  into  the  armature 
circuit. 

108a.  Lap  Winding.  The  same  annature  shown  in  Fig. 
329  may  be  wound  with  a  lap  winding,  as  shown  in  Fig.  337a. 
In  distinguishing  between  these  two  types,  notice  that  the 
coils  of  the  lap  winding  are  naturally  grouped  so  that  there 
is  one  group  of  coils  for  each  pair  of  poles,  with  only  a  single 
conductor  as  an  end-connection  between  the  groups.  Fig. 
337b  is  a  developed  diagram  of  the  same  type  of  winding  for 
the  same  armature,  but  with  two  inductors  per  slot,  or  two 
turns  per  coil,  the  winding  being  pictured  at  the  instant 
when  the  e.m.f .  between  terminals  has  its  maximum  value. 


458  ALTERNATING-CURRENT  ELECTRICITY 

Fig,  337c  is  the  same  as  Fig.  337b  except  it  shows  the  winding 
at  the  instant,  one-half  period  later,  when  the  e.m.f.  between 
the  terminals  is  zero.  Notice  in  the  latter  case  that  all 
inductora  have  e.m.f.'s  greater  than  zero,  because  none  are 
on  the  neutral  points  midway  between  poles.  Note  also 
that  the  zero  e.m.f.  between  rings  is  due  to  cancellation  of 
equal  opposite  values  of  e.m.f.  in  various  parts  of  the  circuit, 


Fio.  337a.  A  lap  winding  for  the  armature  of  Fig.  329.  Note  that 
there  i:;  but  one  group  of  coila  for  each  pair  of  poles  instead  of  for 
each  pole. 

Prob.  20-9.  Calculate  how  many  tuma  there  must  be  in  each 
of  the  coila  in  Kg.  332  to  give  an  e.m.f.  of  2300  volta,  effective, 
between  rings  at  zero  load,  there  being  an  e.m.f.  of  ^e  wave- 
form and  10  volts  effective  value  in  each  conductor. 

Prob.  21--9.  In  Fig.  332,  what  must  be  the  total  active  length, 
in  inches,  of  all  the  inductors  in  a  single  coil,  in  order  that  the 
total  e.m.f.  induced  in  the  entire  winding  may  be  6900  volts  effec- 
tive. The  e.m.f.  in  each  conductor  is  of  dne  wave-form,  average 
density  of  useful  flux  under  each  pole  50,000  lines  per  square  inch, 
peripheral  speed  of  rotor  5000  feet  per  minute,  frequency  60  cycles 
per  second.  If  the  active  length  of  a  single  conductor  in  any  coil- 
eide  is  10  inches,  how  many  conductors  must  there  be  in  each  slot, 
and  how  many  turns  in  each  of  the  coils? 
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Prob.  22-^.  Draw  a  wave  winding  thoroughly  distributed  for 
the  armature  shown  in  Fig.  329a,  to  deliver  230  volts  between 
the  collecting  rings  at  zero  load,  with  a  frequency  of  60  cycles 
when  the  flux  per  pole  is  5,500,000  lines,  so  distributed  that  a 
sine  wave  of  e.m.f .  is  induced  in  each  conductor.  Show  clearly  the 
coik  and  their  connections  and  calculate  how  many  conductors  per 
coil  and  how  many  turns  per  coil  are  required.  Would  the  solution 
be  more  feasible  if  the  armature  were  to  have  one  slot  more  or  less, 
or  an  odd  number  of  slots? 

Prob.  25-9.  Draw  a  wave  winding  for  the  armature  shown  in 
Fig.  329a,  occupying  two  adjacent  slots  per  pole,  with  one  conductor 
per  slot.  Calculate  the  effective  e.m.f.  of  this  entire  winding  from 
the  data  given  in  Fig.  330,  for  a  frequency  of  60  cycles,  and  a  total 
flux  of  5,000,000  lines  from  each  pole,  there  being  a  sine  wave  of 
e.m.f.  in  each  inductor.  Compare  this  e.m.f.  with  that  which 
would  be  produced  by  a  spiral  winding  with  the  same  niunber  of 
inductors  in  the  same  slots. 

Prob.  24-9.  Solve  Problem  23-9  on  the  supposition  that  only 
four  adjacent  slots  out  of  the  six  per  pole  are  filled  by  this  winding. 

Prob.  2&-9.  Solve  Prob.  23-9  for  a  wave  winding  filling  two  of 
the  six  slots  per  pole. 

Prob.  26-9.  If  the  single-phase  generator  with  thoroughly-dis- 
tributed spiral  winding,  4  poles,  8  slots  per  pole,  as  illustrated  in 
Fig.  334,  can  deliver  up  to  100  kv-a.  continuously  at  2300  volts  with- 
out overheating  any  part  of  the  winding,  what  is  the  voltage  between 
the  ends  of  each  of  the  four  groups  of  coils?  What  is  the  vpltage 
between  the  ends  of  coil  1-8?  of  coil  2-7?  of  coil  3-6?  of  coil  4-5? 

Prob.  27-9.  If  the  slots  4-5  were  left  vacant  in  Fig.  334,  by 
what  percentage  would  the  number  of  inductors  in  each  of  the  re- 
maining slots  have  to  be  increased  in  order  to  deliver  the  same 
terminal  voltage  at  the  same  frequency  with  the  same  flux? 

109.  Two-layer  Windings.  So  far  we  have  considered 
mostly  single-layer  windings.  In  such  there  is  usually  only 
one  side  of  one  coil  in  each  slot.  In  the  whole-coiled  wind- 
ing?, to  be  sure,  there  are  usually  in  each  slot  one  side  of  each 
of  two  coils,  but  these  two  coil-sides,  or  winding  elements,  are 
placed  side  by  side,  and  not  one  above  the  other.  When  a 
slot  contains  two  coil-sides  placed  one  above  the  other,  we 
have  what  is  known  as  a  two-layer  winding.    Fig.  338  illus- 
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trates  such  s  winding  for  the  same  armature  that  we  have 
been  considering  in  the  previous  figures,  —  aaraely,  four 
poles,  thoroughly  distributed,  single  phase,  two  coil-sides 
per  slot,  24  slots.  Fig.  338  shows  the  complete  winding, 
from  one  collecting  rii^  (S)  to  the  other  (F).    Fig.  339 


Pio.  339.     The  form  ot  a  single         Fig    339a        Details   of   the   coil 
coil  in  the  two-layer  winding  connections    of     a      two-layer 

shown  in  Fig.  338.  winding. 

illustrates  the  form  of  a  single  coil.     Note  that  it  lies  in  the 
upper  half  of  slot  2  and  in  the  lower  half  of  slot  8.    Thia 
coil  may  consist  of  any  number  of  turns.     The  turns  in  the 
coil  may  be  wound  side  by  side,  as  in  Fig,  328a,  or  one  above 
the  other  as  in  Fig.  328b,  or  the  coil  may  consist  of  a  single 
turn  of  copper  bar,  disposed  in  the  slots 
as  indicated  in  Fig.  328c.     Fig.  340  shows 
a  possible  slot  section  for  this  winding. 
The  principal  advantage  of  the  two-layer 
windings  is  that  the  turns  or  coils  are  all 
exactly   alike,    so   that   the   number   of  Fig.   340.     Possible 
forms    required    to   wind   the    coils   on      cross-section  of  the 
during  manufacture,  and  the  number  of      J^'^^^gg"'"'''"^ 
coils  necessary  to  keep  in  stock  for  re- 
pairs, is  much  less  than  for  other  types;  —  the  spiral  or  chain 
winding,  for  instance.     One  limitation  to  its  use  is,  that  the 
number  of  inductors  in  each  slot  must  be  a  multiple  of  two, 
since  there  are  two  coil-sides  in  each  slot,  consisting  of  an 
equal  number  of  inductoiB.     Fig.  353  is  a  phott^raph  of  a 
two-layer  winding. 
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110.  Armature  Circuits  with  More  than  One  Path.    All 

the  drum  windings  so  far  shown,  have  been  single-circuit 
windings;  that  is,  there  has  been  only  one  path  for  the 
current  from  one  collecting  ring  to  the  other,  all  of  the  in- 
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FiQ.  341.  Two-phase,  four-pole  spiral-  or  chain-coil  winding.  Four 
slots  per  pole  per  phase.  One  one  phase  is  shown;  the  other  phase 
is  laid  in  the  slots  represented  by  the  dotted  lines. 

ductors  in  each  phase  of  the  winding  being  connected  to- 
gether in  series.  Often  it  is  desirable  to  use  two  or  more 
circuits  in  parallel  between  two  rings,  forming  one  phase 
of  the  winding,  in  order  either  to  increase  the  current- 
carrying  capacity  of  the  armature  or  to  enable  the  manu- 


FiG.  342.    Same  winding  as  in  Fig.  341,'  but  connected  in  parallel  in- 
stead of  in  series  in  order  to  carry  twice  the  current  at  half  the  voltage. 

facturer  to  use  the  same  punchings  and  coils  for  machines 
of  several  voltages,  simply  by  rearranging  the  end-connectors 
between  the  coils.  Figures  341  to  344  illustrate  how  the 
same  coils  may  be  connected  together  all  in  series  as  one 
large  group,  giving  a  single  circuit  between  the  collecting 
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rings  or  terminals  S-F,  or  in  two  parallel  groaps  capable  of 
handling  together  twice  the  amperes  at  half  the  voltage  be- 
tween the  terminals  S-F.    Fig.  341  and  342  show  a  special 


Fio.  343.    A  double-layer  winding  Tor  the  armature  of  Fig.  341,  con- 
Dected  as  a  single  circuit. 

winding,  frequently  called  a  chain-winding  (on  account  of 
its  likeness  to  a  chain  of  links),  for  a  two-phase  4-pole 
armature  with  four  slote  per  pole  per  phase.  See  Fig.  317 
for  a  photograph  of  this  type  of   winding.     These  figure^' 


Flu.  344.  The  tn-o-layer  wiading  of  Fig.  343,  connected  for  two- 
circuit  opeiiktion,  capable  of  delivering  twice  as  much  current  at 
hatl  the  voltage. 


actually  show  only  the  connections  for  one  phase;  the 
slots  which  hold  the  coils  for  the  other  phase  are  shown 
dotted.  The  connections  of  the  second  phase  would  be 
exactly  similar  to  those  of  the  first,  but  displaced  by  half 
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of  one  pole  pitch.  If  the  winding  of  Fig.  341  were  good  for 
100  kv-a,  2000  volts,  50  amperes,  then  with  end-connectors 
rearranged  as  in  Fig.  342,  the  same  machine  would  deliver 
100  amperes  at  1000  volts  when  driven  at  the  same  speed 
with  the  same,  excitation.  But  the  power  capacity  is  still 
100  kv-a.,  and  the  current  in  each  conductor,  the  flux  per 
pole  and  the  speed  are  unchanged.  Fig.  343  and  344  show 
a  two-layer  winding  for  the  same  armature,  arranged  for 
a  single-circuit  and  a  two-circuit  connection  respectively. 

111.  Improper  End-connections:  Local  Currents.  In 
making  the  two-circuit  arrangement  of  winding  in  alter- 
nators, care  must  be  exercised  to  avoid  either  inequality  in 
number  of  inductors,  or  inequality  of  e.m.f.  in  the  two  cir- 
cuits which  are  connected  in  parallel,  or  phase  difference 
between  the  total  e.m.f. 's  in  the  two  circuits.  For  example, 
Fig.  345  shows  an  improper  arrangement  of  a  two-circuit 
winding  for  one  phase  of  a  three-phase,  six-pole  armature 
with  36  slots  altogether,  or  two  slots  per  pole  per  phase. 
Fig.  345  is  a  radial  diagram  of  a  wave  winding  for  this 
machine  in  which  inductors  1,  7,  13,  19,  25  and  31  compose 
one  of  the  two  parallel  circuits,  and  inductors  2,  8,  14,  20, 
26  and  32  compose  the  other  circuit.  By  the  construction 
shown  here,  the  e.m.f.'s  in  all  of  the  inductors  ccnnposing 
either  group  are  in  phase  with  each  other.  Consequently, 
the  total  e.m.f.  of  group  Si-F\  is  equal  to  six  times  the 
e.m.f.  induced  in  inductor  No.  1,  and  in  phase  with  it;  and 
the  total  e.m.f.  of  group  /S2-F2  is  equal  to  six  times  the  e.m.f. 
induced  in  inductor  No.  2,  and  in  phase  with  it.  The  e.m.f  .'s 
in  inductors  No.  1  and  No.  2  are  equal  to  each  other  in  value, 
but  have  a  phase  difference  corresponding  to  one  slot  pitch. 
This  phase  difference  amounts  to  ^  of  3  cycles,  or  ^  of 
360°,  or  30  electrical  degrees  in  this  6-pole  36-slot  machine. 
If  the  e.m.f.  induced  in  each  inductor  is  10  volts  effective, 
Fig.  346  shows  that  there  is  a  resultant  e.m.f.  OR  equal  to 
31.0  volts  acting  in  the  closed  circuit  formed  by  the  two 
parallel  paths  SiFi  and  S^F^.    This  e.m.f.  will  produce  in 


ARMATURE  WINDINGS 


467 


the  windings,  at  zero  load  (or  at  any  load)  a  local  current 
equal  to  31  volts  divided  by  the  total  impedance  of  the 
winding.  This  local  current  would  heat  up  the  armature 
as  long  as  the  machine  generates  e.m.f.,  regardless  of  the 


Fig.  345.  A  radial  diagram  showing  an  apparently  correct  method 
of  making  a  two-circuit  connection.  The  method  is  incorrect, 
however,  as  the  e:m.f/s  of  the  two  parallel  paths  are  not  in  phase 
and  thus  a  local  current  will  circulate. 


load,  and  this  useless  heating  reduces  the  capacity  of  the 
machine  to  deliver  useful  output.  It  appears,  therefore, 
that  the  two  paths  SiFi  and  S^Fi  cannot  be  connected  in  par- 
allel unless  they  are  wound  so  that  their  e.m.f  .'s.  are  in  phase 
with  each  other.  That  is,  the  two  sets  of  inductors  must  be 
located  either  in  the  same  slots,  as  in  Fig.  344,  or  in  slots 
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located  similarly  with  respect  to  each  pole,  as  shown  in 
Fig.  342.  When  this  condition  is  fulfilled,  the  vectors  SiFi 
and  SJF^  in  Fig.  346  will  be  exactly  opposite  in  phase  and 
the  resultant  e.m.f.  OR  acting  in  the  closed  mesh  will  be- 
come zero  for  all  values  of  total  induced  e.mi. 


Fig.  346.  The  e.m.f.  of  31  volts  represented  by  the  vector  OR  is  the 
resulting  voltage  around  the  closed  circuit  of  the  armature  con- 
nected as  in  Fig.  345. 

112.  Wear  on  Bearings  Causes  Local  Currents.  Fig. 
347  and  348  illustrate  another  source  of  trouble  in  parallel 
windings.  It  shows  one  phase  of  a  two-phase  whole-coiled 
chain  winding  for  a  six-pole  24-slot  armature.  Fig.  347 
illustrates  a  revolving-armature  type  of  machine  in  which 
the  six  armature  coils  are  divided  up  into  two  groups,  each 
group  consisting  of  three  adjacent  coils  in  additive  series. 
Group  S^F%  consists  of  winding  elements  2,  5,  6,  9,  10  and 
13.  Group  SiFi  consists  of  winding  elements  1,  22,  21,  18, 
17  and  14.  As  long  as  the  armature  or  rotor  continues  to 
be  perfectly  aligned,  so  that  the  air  gap  is  exactly  the  same 
under  all  poles  and  the  flux  entering  the  armature  from  all 
poles  equal,  the  e.m.f. 's  induced  in  the  two  parallel  paths 
will  be  equal  in  value  as  well  as  exactly  opposite  in  phase. 
But  when  the  wear  of  the  bearings  allows  the  armature  to 
drop  and  the  air  gap  to  become  shorter  for  the  lower  poles  and 
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longer  for  the  upper  poles,  the  flux  for  the  lower  poles  be- 
comiug  thereby  greater  than  the  flux  for  the  upper  poles, 
there  is  a  part  of  each  half-revolution  of  the  armature  dur- 
ing which  the  e.m.f .  is  greater  in  one  path  than  in  the  other 
path.    Thus  there  is  a  resultant  e.m.f.  and  circulating  cur- 


Ni 


FiQ.  347.  The  revolving  armature  has  worn  down  the  bearings  so 
that  it  is  nearer  the  lower  poles  Ni  and  Si  than  Nz  and  Si.  The  re- 
sulting greater  flux  will  cause  a  greater  voltage  across  the  lower 
armature  path  than  across  the  upper. 


rent  in  the  closed  mesh  between  the  paths,  at  zero  load  or 
at  any  load. 

Fig.  348  illustrates  a  similar  condition  for  a  revolving- 
field  type  of  machine  where  the  rotor  has  sagged  due  to 
wear  of  bearings,  so  that  every  pole  has  a  larger  flux  during 
its  half-revolution   below  the  horizontal  than  during  its 
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upper  half-revolution.  Fig.  348  corresponds  to  the  same 
instant  of  time  as  Fig.  347,  the  e.m.f.  between  the  terminals 
S  and  F  being  at  its  maximum  in  both  cases.  If  the  coils 
were  divided  between  the  two  parallel  groups  in  such  a 
way  that  one  group  was  composed  mostly  of  lower  ones  and 
the  other  circuit  mostly  of  upper  ones  (the  extreme  case 
being  as  shown  in  Fig.  348),  the  total  e.m.f.  in  one  group 


Flo.  348.     The  revolving  field  .has  wotd  the  bearings  down  bo  that 
the  game  effect  is  produced  in  the  armature  windings  as  in  Fig.  347. 

would  have  a  larger  value  than  that  in  the  other  group. 
Thus  there  would  be  a  resultant  e.m.f.  acting  around  the 
closed  mesh,  producing  a  circulating  current  which  would 
heat  the  armature  and  reduce  its  capacity  to  deliver  power. 
This  defect  could  be  remedied  in  the  revolving-field  machine 
by  dividing  the  winding  of  the  stator,  or  armature,  nrticftlly, 
so  that  neither  of  the  parallel  circuits  would  have  a  prepon- 
derance of  the  stroi^  poles.     Pulsations  of  the  flux  would 
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induce  an  e.m.f.  in  the  field  winding,  tending  to  neutralize 
the  changes  of  flux,  so  that  the  condition  relieves  itself  in 
some  measure. 

Prob.  2&-9.  Rearrange  the  connections  of  Fig.  334  so  as  to 
make  it  a  two-circuit  winding.  If  the  armature  had  a  rating  of 
200  kv-a.  at  2300  volts  before  the  change,  what  is  its  rating  now? 
How  many  amperes  can  it  deliver  in  each  case? 

Prob.  29-9.  Rearrange  the  connections  of  Fig.  338  so  as  to 
make  it  a  two-circuit  winding.  Answer  questions  of  Problem 
28-9  on  same  data. 

Prob.  30-9.  (a)  When  the  winding  shown  in  Fig.  341  is  de- 
livering 2300  volts  from  the  terminals  S-F  at  zero  load,  what  is 
the  e.m.f.  generated  in  a  single  small  coil  of  the  winding? 

(6)  What  is  the  e.m.f.  generated  in  a  single  large  coil  of  the 
winding? 

(c)  What  is  the  e.m.f.  of  a  pair  of  coils,  or  one  of  the  four 
groups  in  Fig.  341? 

Prob.  31-9.  Answer  questions  of  Problem  30-9  for  the  wind- 
ing shown  in  Fig.  342. 

Prob.  32-9.  (a)  When  the  winding  shown  in  Fig.  343  is  de- 
livering 2300  volts  at  its  terminals  S-F  at  zero  load,  what  is  the 
e.m.f.  generated  in  a  single  coil  of  the  winding? 

(6)  What  is  the  e.m.f.  of  one  of  the  four  groups  of  coils  in  Fig.  343? 

Prob.  33-9.  (a)  Redraw  the  diagram  of  Fig.  341  so  as  to  fill 
all  of  the  slots  on  the  armature  with  a  thoroughly-distributed 
single-phase  winding. 

(6)  By  what  percentage  would  the  useful  amount  of  copper  be 
increased  in  so  doing? 

(c)  By  what  percentage  would  the  terminal  voltage  be  increased, 
for  the  same  frequency  and  field  excitation? 

{d)  By  what  percentage  would  the  number  of  turns  per  coil, 
and  amount  of  copper,  in  the  existing  winding  have  to  be  in- 
creased to  get  the  same  increase  in  voltage  without  using  the 
additional  slots? 

Prob.  34-9.  (a)  Redraw  the  diagram  of  Fig.  343  so  as  to  fill 
all  of  the  slots  on  the  armature  with  thoroughly-distributed  single- 
phase  winding. 

(6)  By  what  percentage  would  the  amount  of  copper  be  in- 
creased by  so  doing? 

(c)  By  what  percentage  would  the  terminal  voltage  be  increased, 
for  the  same  frequency  and  field  excitation? 
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Prob.  35-9.  (a)  By  what  percentage  would  the  resistance  of  a 
single-phase  winding  between  terminals  be  greater  when  thoroughly 
distributed,  as  in  Problem  34-9,  than  when  semi-distributed,  as  in 
Fig.  343,  using  the  same  size  copper  in  the  coils?  By  what  per- 
centage would  the  PR  loss  be  increased  if  the  current  dehvered 
remained  the  same  as  before? 

(6)  By  what  percentage  must  the  amperes  output  be  reduced  to 
keep  the  same  total  PR  loss  as  in  the  semi-distributed  single- 
phase  winding  shown  in  Fig.  343? 

(c)  By  what  percentage  would  the  kilovolt^amperes  be  increased 
or  diminished,  taking  account  of  both  the  change  in  voltage  and 
the  necessary  change  in  current  capacity? 

113.  Polyphase  Windings  for  Drum  Armatures.  Hav- 
ing studied;  until  they  are  thoroughly  understood,  the  ex- 
planations of  two-phase  and  three-phase  ring  windings  (both 
closed  and  open  types)  which  were  given  in  Chapters  VI 
and  VII,  we  should  now  be  able  to  produce  a  polyphase 
drum  winding  for  any  given  armature  to  which  they  are 
applicable.  Each  of  the  phases  of  the  polyphase  winding 
has  its  connections  between  coils  arranged  in  exactly  the 
manner  which  has  just  been  described  for  a  single-phase 
drum  winding.  In  the  three-phase  windings,  the  star  and 
delta  connections  between  the  three  phases  (each  phase 
taken  as  a  whole)  are  made  in  a  manner  exactly  similar  to 
that  described  for  a  ring  winding.  For  a  two-phase  wind- 
ing the  total  number  of  slots  should,  of  course,  be  exactly 
divisible  by  two,  in  order  that  each  phase  may  have  the 
same  number  of  winding  elements  with  the  same  phase 
relations  between  them.  Also  the  number  of  slots,  or  of 
coils,  in  each  phase  is  usually,  but  not  necessarily,  exactly 
divisible  by  the  number  of  poles,  in  order  that  each  phase 
may  have  a  group  of  similar  elements,  similarly  connected, 
under  each  pole.  Likewise,  in  order  to  permit  a  three-phase 
w^inding  to  be  made  up,  the  total  number  of  equidistant 
slots  in  the  armnture,  or  the  total  number  of  coils  or  wind- 
ing elements  which  are  to  be  placed  in  these  slots,  should  be 
exactly  divisible  by  the  number  of  phases,  and  usually  also 
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by  the  number  of  poles.  Machines  having  a  fractional 
number  of  slots  per  phase  per  pole  are  quite  frequently  used, 
however,  and  produce  in  general  a  better  shape  of  e.m.f. 
wave;  but  the  total  number  of  slots  per  phase  must  be  a 
whole  number.    Let  us  consider  a  few  examples. 


A  two-phase  drum  winding  for  a  four-pole  machine  is  shown  in 
the  simplest  possible  form,  as  a  racial  diagram,  in  Fig.  349.  It  is 
a  concentrated  wave  winding,  having  one  slot  per  pole  per  phase, 
full  pitch.  Each  phase  has  one  element  of  winding,  or  one  slot, 
under  each  pole,  and  the  elements  of  phase  B  are  distant  from 
the   corresponding  elements 


of  phase  A  by  exactly  90 
electrical  degrees.  The  whole 
winding  is  thus  divided  into 
two  exactly  similar  halves, 
electrically  distinct  from  each 
other,  just  like  two  single 
phases,  their  positions  being 
relatively  fixed  so  that  Sa 
passes  under  middle  Ni  just 
one-quarter  period  after  (or 
before,  depending  on  direc- 
tion of  rotation)  Sb  passes 
the  same  point.  They  are 
thus  tied  together  in  phase 
relation  through  the  magnetic  Fig.  349.  A  radial  diagram  of  a 
field  and  the  mechanical  dis-  two-phase  winding  for  a  four-pole 
tribution  of  the  winding.  machine. 
The  rings  of  phase  A  would 

be  connected  to  Sa  and  Fa,  and  the  rings  of  phase  B  to  Sb 
and  Fb- 

A  three-phase  drum  winding  for  a  four-pole  machine  is  shown  in 
Fig.  350  to  351.  The  winding  is  the  simplest  practicable  one  to 
make,  occupying  only  one  slot  per  pole  per  phase.  We  first  make 
sure  that  the  total  number  of  slots  is  divisible  by  3  (phases)  and 
4  (poles).  Then,  holding  the  rotor  stationary,  we  mark  one  element 
(or  slot)  under  the  middle  of  each  pole  as  belonging  to  phase  A, 
and  connect  them  properly  together  in  series  so  that  their  e.m.f.'s 
add  together  when  they  are  in  the  position  where  the  maximum 
instantaneous  e.m.f.  for  the  whole  group  is  induced  (as  shown  in 
Fig.  350a).    We  mark  one  end  of  this  series  Sa  in  Fig.  350b,  and  the 
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N, 


other  end  Fa-  With  the  rotor  still  fixed  in  the  same  position  and 
starting  from  Sai  we  proceed  to  count  the  slots  or  coils  in  one 
direction  around  the  armature  until  we  have  passed  two-thirds  of 

those  which  lie  between  the 
middle  of  adjacent  poles.  Since 
the  distance  between  the  middle 
of  adjacent  poles  is  180  electrical 
degrees,  we  have  now  passed 
over  120**.  Put  Sb  label  on 
this  slot,  element  or  coil,  and 
locate  the  other  three  B  elements 
or  coils  with  respect  to  each 
other,  just  exactly  as  the  A  ele- 
ments are  related  to  each  other. 
Connect  the  B  group  in  additive 
series  just  exactly  as  the  A  group 

T>-     oe/%       A      J-  1  J-  *  was  connected,  and  mark  Fs 

Fig.  350a.    A  radial  diagram  of  a         j.u     ^  •  u-  j     r  xu      S 

^,         ,  •  J-       r         r  on  the  nmshing  end  of  the  B 

three-phase  winding   for  a  four-  xt       r  o  x* 

,     *^  , .        .      ®        .    ,  senes.    Now  from  Sb  continue 

pole  machine,  star-connected.  ,  x    i  ^  •!  j  • 

^  to  count  slots  or  coils  around  m 

the  same  direction  until  you  have  passed  as  far  ahead  of  Sb  as  Sb 

is  ahead  of  Sa^    This  will  be  120°  from  Sb  or  240°  from  Sa-    Mark 

this  slot  or  coil  Sc,  and  locate  the  other  C  slots  or  coils  in  similar 


Terminals 


Fig.  350b.    Developed  diagram  of  the  three-phase  armature  winding 

of  Fig.  350a,  delta-connected. 

positions  with  respect  to  all  other  poles.  Connect  the  C  slots 
together  in  additive  series  just  as  the  A  slots  were  connected,  and 
put  the  Fc  label  on  the  finishing  end  of  the  series.  If  the  e.m.f.  in 
phase  A  is  at  its  maximum  value  from  Sa  to  Fa  at  the  position 
shown  in  Fig.  350a,  and  3dOb,  it  is  apparent  that  the  e.m.f .  Sa  to 
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Fa  must  pass  through  one-third  cycle  or  120°  before  the  e.m.f. 
from  Sb  to  Fb  reaches  its.maxmmm  value  (or  is  brought  into  the 
same  position  in  the  magnetic  field  by  a  counter-clockwise  rotation 
of  the  rotor).  Also,  the  e.m.f.  from  Sa  to  Fa  must  pass  through 
3  cycle  or  240°,  before  the  e.m.f.  from  Sc  to  Fc  reaches  its  maximum 
value.  Since  these  three  e.m.f. 'e  reach  their  maximum  value  in  a 
direction  away  firom  S  just  120°  apart,  consecutively,  we  must 
coimect  the  S  ends  together  to  neutral,  to  get  a  star-connection.  The 
termiiuls  of  the  three-phase  armature  thus  connected  in  star  are 
F&.  Fb.  Fc.  as  shown  in  Hg.  350a.  The  connections  shown  in 
Fig.  351  diSer  slightly  in  the  method  of  connecting  the  C  elements 
or  coils  together,  but  the  result  is  exactly  the  same  as  in  Fig.  3dOa. 


UU 


Fja.  360c.    Three-phase  wind-  Fio.  351.    Another  diagram  of  a 

ing  having  two  slots  per  pole  three-phase  four-pole  winding, 

per  phase.    Two  phases  only  star-connected; — equivalent  to 

are  shown  here.  Fig.  350a. 

Fig.  350b  is  a  developed  view  of  tins  same  winding  (three-phase, 
four-pole,  one  slot  per  pole  per  phase)  connected  in  delta  or  mesh. 
Notice  that  if  only  we  mark  clearly  that  end  of  each  phase  which 
is  separated  by  120°  from  the  similar  end  of  the  preceding  phase, 
the  connection  becomes  very  simple,  because  we  merely  connect 
the  finishing  end  of  one  phase  to  the  starting  end  of  the  next  phase 
120°  ahead,  and  so  on.  Thus  we  connect  Fa  to  Sb,  Fb  to  Sc  and 
Fc  to  Sa-  These  junction  points  are  then  the  terminals  of  the 
delta  winding.  The  equal  e.m.f. 'a  (SAtoPA),  (.SstoFs),  (SctoFc) 
are  120°  apart  successively  in  the  same  direction  through  the  closed 
mesh  or  series;  and  it  has  been  shown  that  this  relation  gives  a 
resultant  e.m.f.  of  zero  volts  around  the  mesh  (see  Art.  28). 
If  the  winding  is  to  occupy  two  slots  per  pole  per  phase,  requiring 
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3  X  4  X  2  =  24  slots  altogether,  the  connections  would  be  aa 
shown  in  Fig.  350c.  In  order  to  avoid  confusion  of  lines,  only 
Phases  A  and  B  have  been  drawn  in  and  a  lap  winding  with 
one  inductor  per  dot  has  been  chosen.  Suppose  we  are  pven  this 
same  four-pole  armature,  with  its  24  slots,  completely  filled  by  a 
two-layer  lap  winding,  as  in  Fig.  352a.  There  are  as  many  coils 
as  slots,  and  all  coils  are  exactly  alike.    Each  slot  contains  two 


Yia.  352a.    A  rotor  having  24  slots,  wound  as  a  three-phase  tour-pale 
armature,    Two-layer  winding.    All  coils  alike. 


@  ®       @ 


Flo.  352b.    The  armature  of  Fig.  352a  ddto-oomiected. 

r.      s.      F.      s,  Sd  p- 

1      f     9...«.9 


FiQ.  352c.    The  armature  of  Fig.  362a,  star-connected. 

coil-ddes  or  winding  elements,  —  the  one  at  the  bottom  is  the 
right-hand  side  of  a  coil  lying  to  the  left  of  the  slot,  and  the  one  at 
the  top  is  the  left-hand  side  of  a  coil  lying  to  the  right  of  the  slot. 
The  elements  at  the  bottom  of  the  slot  are  shown  in  dotted  linra. 
Such  an  arrangement  of  coils  used  on  the  stator  of  a  machine 
is  illustrated  by  Fig.  353  and  is  typical  of  all  lap-wound  direct- 
current  machines,  and  synchronous  converters;  but  it  may  be 
used    for  any  sort  of  an  attematii^-current  winding,  closed  or 
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open.  If  we  label  the  similar  end  of  every  coil  as  its  starting 
end  S,  and  the  other  end  P  (as  it  is  wound  up  on  the  fonn,  for 
instance),  then  we  would  get  a  closed  winding  by  simply  solder- 
ing the  F  of  one  coil  to  the  S  of  the  one  lying  in  the  next  slot, 
and  so  on  all  around  the  armature  until  the  last  F  is  soldered  to 
the  first  S.  This  closed  winding  could  be  tapped  at  equidistant 
points,  depending  on  the  number  of  polos,  just  exactly  as  the 


Fin.  353.     A  atator  wound  liko  the  rotor  in  FiK.  352a.     It  has  a  full 
pitch  winding,  with  a  cull  pitch  of  nine.     WesHnghouse  Mfg.  Co. 

ring  winding  was  tapped  in  Chapters  VI  and  VII,  and  the  same  rules 
deduced  there  would  then  apply  here.  Or  this  closed  winding  could 
be  opened  up  at  two  or  more  pointa  and  the  parts  be  connected 
in  scries  as  an  open  winding  for  any  number  of  phases  as  illus- 
trated in  Art.  88  and  Fig.  262  to  267.  The  main  difference  between 
it  and  a  ring  winding  is  that  the  span  or  pitch  of  the  cod  in  this  lap 
winding  fixes  the  number  of  poles  withm  narrow  limits,  whereas 
any  ring  winding  could  bo  tapped  for  an\  number  of  poles  We 
recognize  Rg.  352  aa  being  properly  a  four-pole  armature,  liecuuse 
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each  coil  spans  one-quarter  of  the  circumference,  and  to  get  the 
greatest  e.m.f.  in  a  coil,  we  know  that  its  opposite  sides  should 
both  come  as  nearly  as  possible  simultaneously  under  the  middle 
of  adjacent  poles.  We  have  24  coils  altogether,  for  3  phases  and 
4  poles,  which  allows  two  coils  per  pole  per  phase.  These  two  will, 
of  course,  be  adjacent  coils,  in  order  that  their  e.m.f. 's  shall  be  as 
nearly  as  possible  in  phase  with  each  other,  so  as  to  get  the  greatest 
possible  resultant  e.m.f.  from  the  series. 

With  rotor  fixed  in  Fig.  352a  we  choose  a  coil  located  exactly 
under  the  middle  of  A^i  and  /S»i,  and  label  it  Ai.  Its  starting  end 
we  mark  Sa-  The  finish  end  of  coil  Ay  we  connect  to  the  starting 
end  of  coil  A^  which  is  adjacent  to  coil  Ai.  We  now  locate  coils 
Ai  and  Aa,  also  belonging  properly  to  Phase  A,  because  they  are 
located  with  relation  to  pole  S\  and  Nt  just  exactly  as  coils  Ai 
and  At  are  located  with  relation  to  pole  A'l  and  S\.  Similarly,  we 
locate  A^  and  A^  under  poles  N%  and  St,  and  Ai  and  A%  under  poles 
St  and  A'l.  We  then  group  Az  and  Aa  in  additive  series  by  solder- 
ing the  finish  of  ^3  to  the  start  of  Aa.  Similarly,  we  connect  -4$ 
and  46  together,  and  Ai  and  A%  together.  Now,  since  the  e.m.f. 
is  clockwise  around  coils  4i  and  At,  counter  clockwise  around  coils 
A%  and  Aa,  clockwise  around  A^  and  4$,  and  counter  clockwise 
around  4?  and  48,  we  see  that  in  order  to  get  these  groups  of 
coils  together  into  additive  series  we  must  connect  Ai,  At,  A^  and 
At  together  similarly,  but  Az,  A  a,  Ai  and  48  oppositely.  If  the 
student  will  carefully  trace  through  the  series  of  coils  composing 
Phase  A,  starting  at  Sa  and  going  right  through  to  Fa,  he  will  see 
that  the  instantaneous  e.m.f. 's  are  all  in  the  same  direction  at 
about  the  time  when  the  e.m.f. 's  induced  in  the  coils  of  Phase  A 
are  greatest  (which  is  about  the  position  shown  in  the  figure). 

Phase  B  has  been  started  at  one  end,  Sb  (similar  to  the  end  jSa), 
of  a  coil  located  120  electrical  degrees  from  coil  A\,  and  from  this 
point  through  to  Fb  the  connections  and  arrangement  of  coils  are 
an  exact  duplicate  of  Phase  A,  except  as  to  actual  position  in  the 
magnetic  field.  Likewise  Phase  C  is  a  duplicate  of  Phase  A\,  but 
Sc  is  located  120°  further  along  in  the  same  direction  from  Sbi  or 
240°  from  Sa-  This  gives  us  the  six  terminals  of  the  three  phases 
all  properly  labeled.  In  Fig.  352b  are  shown  the  proper  connec- 
tions between  these  six  terminals  to  give  a  three-phase  delta.  In 
Fig.  352c  are  shown  the  connections  between  the  same  six  termi- 
nals to  give  a  three-phase  star.  The  only  way  to  get  a  thorough 
understanding  of  these  windings  and  connections  is  to  trace  through 
the  lines  and  circuits  on  the  diagram  slowly  and  carefully,  and 
then,  by  aid  of  the  explanations  given,  to  draw  out  some  diagrams 
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completely.    Fig.  353  is  a  photograph  of  a  two-layer  winding  for  a 
Westinghouse  generator. 

The  chain  winding  is  the  one  most  commonly  used  for  alternat- 
ing-current generators  and  motors,  in  addition  to  the  two-layer 


Fio.  354.    Phase  A  of  a  three-phase  chain  winding  for  the  drum  ar- 
mature of  Fig.  352.    Two  slots  per  pole  per  phase. 
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FiQ.  355.    Phase  B  of  the  three-phase  chain  winding. 
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Fig.  356.    Phase  C  of  the  three-phase  chain  winding. 

windings.  Fig.  354  represents  a  three-phase  four-pole  chain  wind- 
ing, using  two  slots  per  pole  per  phase  on  the  same  24-slot  armature 
which  we  have  been  using  throughout  for  illustration.  In  order 
not  to  confuse  the  diagram,  Phases  A,  B  and  C  have  been  drawn 
out  separately,  in  Fig.  354,  355  and  356.  Notice  that  they  are 
exactly  alike,  except  as  to  relative  position  on  the  armature.    Phase 
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B  is  120°  from  Phase  A,  and  Phase  C  is  120°  further  in  the  same 
direction,  from  Phase  B,  or  240°  from  Phase  A,  the  positive  direo- 
.tion  of  e.m.f.  in  each  phase  being  from  the  S  end  to  the  F  end. 
When  the  three  phases  are  assembled  altogether  as  in  fig.  357,  it 
is  seen  that  there  must  be  a  different  shape  or  length  of  coil  for 


Fio.  357.  The  three-phaae  chain  winding,  the  three  phases  of  which  are 
shown  separately  in  Fig.  354,  355  and  356.  The  end-eonnections  of 
phase  A  only  are  shown.    Three  forms  of  coils  are  necessary. 

each  phase  in  order  that  the  ends  of  the  coils  shall  not  interfere 
with  each  other.  This  is  expressed  usually  by  saying  that  the 
end-bends  of  the  coils  are  in  three  ranges.  This  is  due  to  the  fact 
that  the  winding  is  a  single-layer  winding  (the  coils  of  a  two-layer 
winding  are  all  exactly  alike),  and  also  because  we  have  made  all 
coils  in  each  phase  the  same  shape.     In  Rg.  357  the  end-conneo 


Fia.  358.    Three-phase  chain  winding  using  one  slot  per  pole  per 
phase.    Two  coil  torras  only  afe  needed.    See  Fig.  312  and  314. 

tions  between  coils  are  shown  only  for  Pliase  A,  to  avoid  confuaon. 
The  syatom  of  connections  would  be  exactly  the  same  as  in  other 
figures  which  are  complete. 

A  three-phaae  chain  winding  using  one  slot  per  pole  per  phase, 
in  which  the  coils  are  made  in  only  two  forms,  is  shown  in  Fig. 
358.    Photographs  of  this  sort  of  winding  may  be  seen  in  Fig. 
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312  &nd  314;  it  is  very  convenient  and  common  because  of  the 
economy  of  winding-formfi  and  stock  required.  It  is  obtained  by 
using  the  two  different  shapes  for  alternate  coils  in  the  same  phase. 
Fig.  358  shows  the  complete  connections  for  each  phase  and  aJso 


Fia.  359.    Three-phase  chain  winding  using  two  slots  per  pole  per 
phase.    See  Fig.  315  and  317. 

between  the  phases  for  a  three-phase  star.  The  student  should 
easily  be  able  to  rearrange  the  end-connections  between  phase- 
terminals  Sa  and  Fa,  Sb  and  Fb,  Sc  and  Fc  to  get  a  three-phase 
delta.    Fig.  359  shows  a  three-phase  ch^n  winding  using  two 


Fia.  300.    Three-phase  bar  winding,  (wave)  using  one  slot  per  pole 
per  phase;  star-connected. 

slots  per  pole  per  phase,  connected  in  star.  Windings  similar  to 
this,  except  that  they  are  for  three  slots  per  pole  per  phase,  are 
photographed  for  Fig.  315  and  317. 

A  few  other  typical  forms  are  merely  illustrated  in  the  following 
figures:  Fig.  360  is  a  three-phase  bar  winding  (wave)  using  one 
slot  per  pole  per  phase.    It  may  be  extended  as  shown  for  any 
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number  of  pairs  of  poles  and  is  drawn  star-connected.  Fig.  361 
is  known  as  a  ''skew-coil''  winding;  although  there  is  only  one 
winding  element  or  coil-side  in  each  slot,  all  coils  are  of  the  same 
shape  for  all  phases,  and  conflicts  of  the  coil-ends  are  avoided  by 
making  one  side  of  each  coil  longer  than  the  other  side.  Fig.  362 
illustrates  what  is  called  a  "short-coil  winding"  for  a  three-phase 
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Fig.  361.    Skew-coU  winding.    All  coils  are  alike,  each  having  one 

side  shorter  than  the  other. 
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Fig.  362.  Short-coil  winding.  Each  coil  is  only  two-thirds  of  the 
pole  pitch.  The  e.m.f.'s  of  the  two  sides  of  a  coil  do  not  add  to  such 
good  advantage  as  in  other  types. 


Fig.  363.  A  "creeping  winding."  The  coils  have  a  fractional  pitch. 
Three  coils  cover  four  poles  in  this  case.  The  small  dash  lines  repre- 
sent slots  left  vacant  for  the  sake  of  clearness. 

machine  using  two  slots  per  pole  per  phase.  By  making  the 
breadth  of  each  coil  only  |  of  the  pole  pitch,  overlapping  of  coils  is 
altogether  avoided,  and  all  coils  in  the  entire  windiiig  are  exactly 
alike.  The  series  e.m.f.'s  composing  each  phase  are  not  added  to 
as  good  advantage  as  in  other  types  of  winding  using  coils  nearer 
full-pitch,  and,  therefore,  more  copper  would  be  needed  for  the 
same  capacity.    The  wave-form  is  also  likely  to  be  more  peaked. 


ARMATURE  WWDINQS 


483 


Fig.  363  shows  a  ''creeping  winding''  in  wliich  the  coils  are  frac- 
tional pitch  and  the  series  of  coils  in  each  phase  is  arranged  so 
as  to  gain  or  lose  one  or  more  poles  as  you  trace  it  around  the 
armature.  In  Fig.  363  three  adjacent  coils  each  spanning  240^, 
together  cover  720^  or  four  poles.  Fig.  364  shows  a  single-phase 
whole-coiled  winding  for  8  poles,  using  3  slots  per  pole,  for  an 
armature  having  altogether  64  slots.  A  photograph  of  a  two- 
phase  armature  having  a  winding  like  this  for  a  two-phase  machine 
is  shown  in  Fig.  317. 

Prob.  36-9.  Draw  a  developed  diagram  of  connections  for  the 
winding  whose  photograph  appears  in  Fig.  310,  assuming  the  alter- 
nator to  deliver  e.m.f .  at  60  cycles  when  driven  at  900  r.p.m.  Con- 
nect the  winding  in  three-phase  star. 

Prob.  87-9.  How  many  poles  should  there  be  on  a  revolving 
field  to  be  used  with  the  stator  shown  in  Fig.  3177    Draw  out  a 


FiQ.  364.  Single-phase  whole-coiled  winding  for  eight  poles,  using 
three  slots  per  pole.  See  Fig.  317  for  two-phase  winding  of  this 
type. 

developed  winding  diagram  for  the  two-phase  winding  on  this 
machine,  showing  the  connections  of  the  coils  to  each  other  and 
to  the  terminals  of  the  machine. 

Prob.  88-9.  How  many  poles  should  there  be  on  the  rotor 
to  be  used  with  the  stator  shown  in  Fig.  353?  Draw  out  a  de- 
veloped winding  diagram  for  this  machine  as  a  three-phase  stator 
with  delta  connections  between  phases. 

Prob.  89-9.  The  500-kw.  Allis-Chalmers  alternator,  whose 
winding  is  shown  in  part  in  Fig.  314,  delivers  11,000  volts  between 
terminals  of  the  star-connected  three-phase  winding,  at  60  cycles 
per  second,  when  driven  by  a  water  wheel  at  200  r.p.m.  By  aid  of 
the  explanations  given  concerning  Fig.  358,  which  is  a  diagram  of 
this  same  style  of  winding  for  a  smaller  number  of  poles,  draw  a 
vector  diagram  showing  how  the  e.m.f.  in  the  various  coils  of  one 
phase  are  combined,  and  calculate: 
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(a)  The  e.m.f.  which  must  be  generated  in  each  complete  phase 
of  the  winding  —  Fig.  314. 

(6)  The  e.m.f.  which  must  be  generated  in  a  single  coU  of  this 
winding. 

Prob.  40-9.  (a)  How  many  poles  should  be  on  the  rotor  used 
with  the  stator  shown  in  Fig.  315? 

(6)  Draw  a  developed  diagram  of  connections  for  the  winding  of 
this  machine  after  the  manner  of  Fig.  359,  showing  complete  con- 
nections between  all  coils  in  each  phase  and  between  the  delta- 
connected  phases. 

(c)  If  the  terminal  voltage  of  this  machine  is  2300  volts,  what  is 
the  e.mi.  across  each  of  the  three  coils  of  different  pitch  used? 


SUMMARY  OF  CHAPTER  IX 

The  conductors  which  compose  the  armature  winding  of 
electrical  machines  are  formed  into  COILS  and  placed  in  the 
slots  of  the  armature  core. 

THE  POLE-PITCH  of  an  armature  is  the  number  of  slots 
or  of  inductors  on  the  armature,  between  the  center  of  one  pole 
and  the  center  of  the  next  pole. 

IN  A  FULL-PITCH  armature  coil,  if  one  side  of  the  coil  lies 
imder  the  center  of  a  pole,  the  other  side  of  the  coil  will  he 
under  the  center  of  the  next  pole. 

IN  A  FRACTIONAL-PITCH  coil  both  sides  wiU  not  he 
under  pole  centers  at  the  same  instant.  Such  a  coil  generates 
less  e.m.f.  than  a  full-pitch  coil  under  similar  conditions,  but 
may  generate  a  more  nearly  perfect  wave-form  of  e.m.f. 

AN  ELEMENT  OF  WINDING  consists  of  all  the  conductors 
forming  one  side  of  a  single  coil. 

Windings  are  usually  placed  in  slots  on  the  armature  in 
order: 

(i)  To  avoid  being  shifted  by  the  large  torque  put  upon 
them  at  heavy  load  or  by  short  circuits. 

(2)  To  decrease  the  air  gap  between  armature  core  and 
pole  faces. 

A  BAR  WINDING  has  only  one  turn  in  each  coil,  usually  of 
heavy  copper  having  rectangular  cross-section. 

A  CONCENTRATED  WINDING  is  one  in  which  each  of 
the  phases  occupies  only  one  slot  per  pole.  In  such  windings, 
the  wave-form  of  generated  e jn.f .  depends  principally  upon  the 
shape  of  the  pole  faces,  but  also  somewhat  upon  the  pitch 
or  span  of  the  coil.  The  effective  voltage  of  the  winding  may 
be  increased  by  using  more  than  one  turn  per  coil. 

A  WAVE  WINDING  is  one  which  leads  us  continuously  in 
one  direction  around  the  armature  as  we  follow  along  one  of 
the  circuits  of  the  winding.  A  development  of  the  winding  on 
a  flat  surface  resembles  a  wave  (see  Fig.  321c).  A  wave 
winding  may  be  either  PROGRESSIVE  or  RETROGRESSIVE,  but 
this  affects  only  the  end-connections  between  coils,  and  not 
the  value  of  the  ejn.f •  generated. 
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A  LAP  WINDING  is  one  which  leads  us  alternately  clock- 
wise and  counter  clockwise  around  the  armature,  as  we  follow 
continuously  along  one  of  the  circuits  of  the  winding.  That  is, 
it  laps  back  upon  itself  as  we  pass  from  one  coil  to  the  next,  as 
shown  in  Fig.  322c. 

When  there  is  the  same  number  of  coils  formed  as  there 
are  poles,  the  winding  is  said  to  be  a  WHOLE-COILSD  WINDIK G. 
When  only  half  as  many  coils  as  poles  are  formed,  it  is  said  to 
be  a  HALF-COILED  WINDING.  A  half-coiled  winding  allows  the 
armature  to  be  "  split  "  for  repairs,  etc.,  without  cutting  through 
any  of  the  coils.  Also,  the  reactance  of  the  armature  may  be 
less  than  with  a  whole-coiled  winding. 

In  order  to  produce  a  smoother  wave  of  e.m.f.  the  inductors 
forming  each  armature  path  are  often  not  grouped  together 
in  a  few  slots,  but  are  spread  out  into  many  slots  and  distrib- 
uted over  the  armature  face.    This  arrangement  is  called  a 

DISTRIBUTED  WINDING. 

In  a  concentrated  winding  the  e.m.f.'s  of  the  several  con- 
ductors forming  a  single  armature  path  are  all  practically  equal 
to  one  another  at  any  given  instant  The  e.m.f.''s  in  the 
conductors  of  a  distributed  winding  differ  materially  among 
themselves  at  any  given  instant,  since  the  conductors  occupy 
different  relative  positions  in  the  magnetic  field  at  that  instant. 

In  order  to  obtain  the  instantaneous  voltage,  across  any 
armature  path,  it  is  necessary  to  add  algebraically  the  ejn.f.'s 
induced  in  the  separate  conductors.  It  is  usually  inefficient 
to  use  many  inductors  of  which  the  e.m.f.  is  more  than  60  or 
70  degrees  out  of  phase  with  the  e.m.f.  across  the  armature 
path. 

In  order  to  cover  economically  as  much  as  possible  of  the 
armature  surface  with  active  copper,  two-phase  or  three-phase 
windings  are  used.  By  thus  dividing  the  inductors  into  two  or 
three  circuits,  only  such  inductors  need  be  joined  in  series  as 
have  e.m.f.'s  more  nearly  in  phase  with  the  e.m.f.  across  the 
circuit. 

When  TWO-LATER  windings  are  used,  one  side  of  a  coil  occu- 
pies the  lower  half  of  one  slot,  while  the  other  side  occupies 
the  upper  half  of  another  slot.  One  form  will  serve  for  all 
coils  used  in  such  a  winding. 

In  PARALLEL  or  MULTI-CIRCUIT  WINDINGS  where  two  or 
more  paths  through  the  armature  coils  are  joined  in  parallel, 
the  greatest  care  must  be  taken  to  see  that: 

(z)  The  e.m.f.'s  across  all  paths  are  equal. 
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(a)  The  e.mJ/s  across  all  paths  are  exactly  in  phase  with 
one  another. 

(3)  The  clearance  between  all  poles  and  the  armature  are 
equal. 

(4)  The  paths  are  so  interlaced  that  the  minimnin  unbalance 
will  result  if  the  clearance  does  change. 

If  any  of  these  conditions  are  not  fulfilled,  local  currents  will 
circulate  through  the  armature  paths,  and  reduce  the  permis- 
sible output  of  the  machine. 

Any  closed  winding  can  be  tapped  for  either  single-,  two- 
or  three-phase,  or  any  ntmiber  of  phases.  In  any  case,  the 
phases  are  mesh-connected,  and  the  winding  is  of  the  parallel 
or  multi-circuit  type. 

By  properly  proportioning  the  number  of  armature  slots  and 
coils  to  the  ntmiber  of  poles,  and  by  the  proper  connection  of 
the  armature  windings,  either  single-,  two-  or  three-phase 
connection  can  be  made  by  OPEN-WINDIITGS.  The  open- 
¥dnding  can  be  connected  either  in  star  or  mesh. 

The  more  common  forms  for  the  coils  used  are: 

(i)  Double-layer  coils  (all  alike  for  a  given  armature). 

(2)  Chain  (two  or  more  forms  for  each  armature). 

(3)  Skew-coil  (aU  alike). 

(4)  ^hort-coil  (all  alike,  but  wasteful  of  copper). 

(5)  Creeping-coil  (all  alike). 


PROBLEMS   ON   CHAPTER  U, 

Assume  in  all  of  the  problems  that  the  e.m.f.  generated  in  each 
inductor  is  of  approximately  sine  wave-form. 

Prob.  41-9.  Each  inductor  in  the  winding  shown  in  Fig.  333, 
generates  say  10  volts.  Draw  a  vector  diagram  to  show  what 
voltage  is  induced  between  the  terminals  of  the  coil  occupying 
slots  3  to  4  —  that  is,  the  volts  induced  between  Sz  and  Fa- 

Prob.  42-9.  What  is  the  phase  difference  for  the  winding  shown 
in  Fig.  333,  in  electrical  or  time  degrees,  between: 

(a)  The  e.m.f.'s  in  the  various  conductors  composing  one  coil- 
side  or  winding  element  in  any  slot? 

(6)  The  e.m.f.'s  of  the  two  winding  elements  composing  coil 
land  6? 

(c)  The  e.m.f.'s  of  the  winding  elements  composing  coil  2-5? 

(d)  The  e.m.f.'s  of  the  winding  elements  composing  coil  3-4? 

Prob.  48-9.  On  same  assumptions  as  in  Problem  41,  calcu- 
late the  total  voltage  induced  in  the  coil  StFtf  occupying  slots 
2  and  5. 

Prob.  44-9.  On  same  assumptions  as  in  Prob.  41,  calculate 
the  total  voltage  induced  in  the  coil  ^iF«,  occupying  slots  1  and  6. 

Prob.  45-9.  (a)  In  the  same  winding  (Fig.  333),  what  is  the 
phase  relation  (direction  from  S  toward  F  being  considered  posi- 
tive in  every  case)  between  the  terminal  e.m.f.  at  zero  load  of  coil 
3-4  and  coil  2-5? 

(6)  What  is  the  phase  relation  between  coil  2-5  and  coil  1-6? 

(c)  Between  coil  1-6  and  coil  7-12? 

(d)  Between  group  1-2-3-4-5-6  and  group  7-8-9-10-11-12? 

(e)  Between  group  l-2-3-4r-5-6  and  coil  7-12? 
(/)  Between  group  l-2-^-4r-5-6  and  coil  3-4? 
(g)  Between  the  entire  winding  and  coil  3-4? 

Prob.  46-9.  The  alternator  whose  winding  is  shown  in  Fig. 
333,  when  operating  at  rated  frequency  of  60  cycles,  with  normal 
field  excitation,  gives  2300  volts  between  its  terminals,  at  zero 
load.  In  replacing  the  coil  which  occupied  slots  9  and  10,  which 
has  been  burned  out,  the  operator  gets  its  terminals  reversed,  — 
that  is,  Fi  connected  to  S9  instead  of  to  Fio,  and  Fn  connected  to 
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Fio  instead  of  to  S^^  What  e.iD.f.  is  now  obtained  at  the  terminals 
of  the  generator,  when  operated  with  same  frequency  and  field 
strength  as  before? 

Prob.  47-9.  Same  as  Problem  46-9,  but  with  coil  S-11  reversed 
instead  of  coil  9-10. 

Prob.  48-9.  Same  as  46-9,  but  with  coil  7-12  reversed  instead 
of  coil  9-10. 

Prob.  49-9.  In  making  the  end-connections  in  Fig.  333,  be- 
tween coils,  by  what  percentage  would  the  total  zero-load  voltage 
between  the  terminals  of  the  armature  be  increased  or  diminished, 
for  any  given  speed  and  field  excitation,  if  by  mistake  Fa  had  been 
connected  to  &,  and  Fio  had  been  connected  to  Siz^ 

Note.  In  the  above  problem  assume  any  convenient  voltage  per  coil, 
say  1  or  10  or  100  volts;  the  actual  value  used  will  be  immaterial  in 
determining  percentage  change,  as  it  cancels  out  in  the  calculation. 

Prob.  60-9.  In  Fig.  333  what  is  the  maximum  value  of  e.m.f. 
tending  to  break  down  the  insulation  between  the  end-connector 
Fi  to  Fio,  and  the  coil-connections  Sg  to  Fn,  S%  to  Fn  and  Si  to  Siz, 
which  it  crosses,  when  the  effective  voltage  between  the  terminals 
of  the  entire  winding  is  2300  volts  effective? 

Prob.  61-9.  If  the  smallest  of  the  three  coils  in  each  group, 
Fig.  333,  were  left  out  of  circuit,  and  the  connections  were  com- 
pleted otherwise  as  in  Fig.  333,  by  what  percentage  would  the 
terminal  voltage  at  zero  load  be  reduced,  for  the  same  speed  and 
field  current? 

Prob.  62-9.  Draw  vector  diagrams  of  both  topographic  and 
polar  types  to  show  how  an  e.m.f.  of  20  volts  effective  is  built  up 
between  the  terminals  Fe  and  Si  in  Fig.  333.  What  is  the  effective 
voltage  induced  in  a  single  inductor? 

Prob.  63-9.  Draw  vector  diagrams  as  in  Problem  52  to  show 
the  composition  and  value  of  the  effective  e.m.f.  between  the  coil 
terminals  jSi  and  Si, 

Prob.  64-9.  Draw  vector  diagrams  in  Problem  52  to  show  the 
composition  and  value  of  the  effective  e.m.f.  between  the  coil 
terminals  Si  and  &. 

Prob.  66-9.  Draw  vector  diagrams  as  in  Problem  52  to  show 
the  composition  and  value  of  the  effective  e.m.f.  between  the  coil 
terminals  Sz  and  S9. 

Prob.  66-9.  Draw  vector  diagrams  as  in  Problem  52  to  show 
the  composition  and  value  of  the  effective  e.m.f.  between  the  coil 
terminals  Sz  and  Sz, 
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Prob.  67-9.  Draw  vector  diagrams  as  in  Problem  52  to  show 
the  composition  and  value  of  the  effective  e.m.f.  between  the  coil 
terminals  S%  and  Si. 

Prob.  68-9.  When  operated  at  rated  frequency  with  its  max- 
imum field  current,  a  single-phase  armature  wound  as  in  Fig.  333 
gives  3200  volts  between  terminals  at  zero  load.  The  coils  occu- 
pying slots  1,  2,  3,  4,  5  and  6  had  to  be  removed  for  repairs.  If, 
when  they  are  being  restored,  the  connections  of  coil  1-6  are  re- 
versed, what  will  be  the  terminal  e.m.f.  of  the  machine  under  the 
same  conditions  as  before?  Draw  a  vector  diagram  to  illustrate 
your  solution. 

Prob.  69-9.  Solve  Problem  58  for  coil  2-5  alone  reversed,  all 
others  correct.    See  Prob.  46-9. 

Prob.  60-9.  Solve  Problem  58  for  coil  3-4  reversed,  others 
correct.    See  Prob.  46-9. 

Prob.  61-9.  Solve  Problem  58  for  coils  1-6  and  2-5  both  re- 
versed, coil  3-4  correct. 

Prob.  69-9.  Solve  Problem  58  for  coils  2-5  and  3-4  both  re- 
versed, coil  1-6  correct. 

Prob.  66-9.  Solve  Problem  58  for  coils  1-6  and  3-4  both  re- 
versed, coil  2-5  correct. 

Prob.  64-9.  Solve  Problem  58  for  coils  1-6,  2-5  and  3-4  all 
reversed. 

Note.  In  the  following  problems  assume  e.m.f.  of  sine  wave-form  to 
be  induced  in  each  conductor  of  the  winding.  Note  that  the  armature 
in  Fig.  337  is  of  exactly  the  same  construction  as  that  in  Fig.  329b, 
i.e.,  single-phase,  four  poles,  thoroughly  distributed  in  24  equidistant 
slots.  Note  also  that  the  winding  of  Fig.  337b  is  similar  to  that  of 
Fig.  333  in  all  respects  except  the  manner  of  grouping  the  conductors 
into  coils  and  joining  them  together  in  series.  To  find  the  real 
electrical  distinctions  between  the  spiral  or  chain  winding  and  the  lap 
winding,  therefore,  compare  the  solutions  of  the  following  problems 
based  on  Fig.  337  with  those  obtained  from  similar  problems  on  the 
chain  winding  based  on  Fig.  333. 

Prob.  66-9.  (a)  What  is  the  phase  difference  in  electrical  de- 
grees, for  the  winding  shown  in  Fig.  337,  between  the  e.m.f .  of  the 
winding  elements  2  and  8,  composing  the  coil  Sj-FiS 

(6)  Between  the  winding  elements  in  coil  Sr-F^? 

(c)  Between  the  winding  elements  composing  coil  S-nFu? 

(d)  Compare  results  with  those  of  Problem  42-9. 

Prob.  66-9.  Each  conductor  in  the  winding  shown  in  Fig.  337b 
generates  say  10  volts: 
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(a)  Draw  a  vector  diagram  to  show  what  voltage  is  induced  be* 
tween  the  terminals,  Sr-Fs,  of  the  coil  which  occupies  slots  2  and  8. 
(6)  What  voltage  is  induced  within  coil  3-9? 

(c)  What  voltage  is  induced  within  any  other  coil  of  this  winding? 

(d)  Compare  these  results  with  those  of  Problems  41-9,  43-9  and 

44r-9. 

Prob.  67-9.  From  Fig.  337b,  what  is  the  phase  relation  between 
the  terminal  e.m.f/s  at  zero  load  (direction  from  <S  toward  F 
being  considered  positive  in  every  case) : 

(a)  Of  coU  2-8  and  coil  3-9? 

(6)  Of  coil  3-9  and  coil  4-10? 

(c)  Of  coil  4-10  and  coil  5-11? 

Prob.  68-9.  From  Fig.  337,  what  is  the  phase  difference  of 
the  e.mi.  at  no-load: 

(a)  Between  any  coil  and  the  next  adjacent  coil? 
lb)  Between  coil  2-8  and  coil  4-10? 

(c)  Between  coil  2-8  and  coil  5-11? 
id)  Between  coil  2-8  and  coil  6-12?  ^ 

(e)  Between  coil  2-8  and  coil  7-13?  *  Compare  results  with  those 
of  Prob.  45-9. 

Prob.  69-9.  (a)  What  is  the  phase  relation  in  Fig.  337  between 
the  terminal  e.m.f.'s  at  zero  load,  of  coil  2-8  and  coil  14-20? 

(b)  Between  group  Sa-Fay  and  group  St-Fb? 

(c)  Between  the  entire  winding  and  group  jSo-Fo? 

(d)  Compare  results  with  corresponding  ones  of  Problem  45-9. 

Prob.  70-9.  (a)  Draw  vector  diagrams  of  both  topographic 
and  polar  types,  to  show  the  composition  and  value  of  the  total 
e.m.f.  between  the  coil  terminals  Fu  and  Sj  in  Fig.  337b: 

(6)  Between  Fiz  and  St. 
.    (c)  Between  Fiz  and  /Sj. 

(d)  Between  Fn  and  &• 

(e)  Between  Fu  and  Sz, 

(J)  Between  Fiz  and  Si,    The  e.m.f.  in  each  inductor  is  10  volts. 
ig)  Compare  results  with  corresponding  values  in   Problems 
62-9  to  57-9. 

Prob.  71-9.  At  rated  frequency  and  normal  field  excitation, 
the  winding  shown  in  Fig.  337b  produces  2300  volts  between  its 
terminals  at  zero  load: 

(a)  What  is  the  e.m.f.  between  the  terminals  of  any  single  coil? 

(6)  What  e.m.f.  is  there  between  the  terminals  of  a  group  of 
coils  as,  between  Sa  and  Fa? 
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Prob.  72-9.  What  would  be  the  terminal  e.m.f.  of  the  entire 
winding  with  same  field  excitation  and  speed,  if  in  repairing  a 
burn-out  in  the  armature  of  Fig.  337b,  the  coil  2-8  had  its  connec- 
tions reversed,  i.e.,  &  connected  to  Sz  instead  of  Fz  to  S%t  Give 
vector  diagram  showing  how  the  total  voltage  is  made  up. 

Prob.  78-9.  Same  as  Prob.  72-9,  but  for  coil  3-9  reversed, 
instead  of  coil  2-8. 

Prob.  74-9.  Same  as  Prob.  72-9,  but  for  coil  4-10  reversed, 
instead  of  coil  2-8. 

Prob.  7&-9.  Same  as  Problem  72-9,  but  for  coil  5-11  reversed, 
instead  of  coil  2-8. 

Prob.  76-9.  Same  as  Problem  72,  but  for  coil  6-12  reversed, 
instead  of  coU  2-8. 

Prob.  77-9.  (a)  Same  as  Problem  72,  but  for  coil  7-13  reversed, 
instead  of  coil  2-8. 

(6)  Compare  results  of  Problems  72  to  77  with  those  of  Prob- 
lems 46-9  to  48^9. 

Prob.  78-9.  If,  in  connecting  up  the  two  groups  of  coils  in 
Fig.  337b,  Fa  had  been  connected  to  Fh  instead  of  to  5*,  by  what 
p^centage  would  the  terminal  e.m.f.  of  the  entire  wincting  be 
increased  or  diminished  at  any  given  frequency  and  field  excita- 
tion?   Compare  results  with  those  of  Problem  49-9. 

Prob.  79-9.  Draw  a  progressive  wave  winding  for  the  arma- 
ture illustrated  in  Fig.  337a,  four-pole,  single-phase,  24  slots,  one 
inductor  per  slot. 

Prob.  80-9.  Draw  a  retrogressive  wave  winding  for  the  arma- 
ture illustrated  in  Fig.  337a. 

Prob.  81-9.  Draw  a  lap  winding  for  an  8-pole  armature  with 
24  slots,  2  inductors  per  slot,  single-phase,  thoroughly  distributed. 

Prob.  82-9.  Draw  a  vector  diagram  showing  the  composition 
and  value  of  the  terminal  e.m.f.  of  the  whole  of  the  winding  de- 
veloped in  Problem  81-9.    (The  e.m.f.  in  each  conductor  is  10  volts.) 

Prob.  83-9.  (a)  Draw  a  winding  diagram  for  a  wave  winding 
for  an  8-pole,  24-slot  armature,  one  conductor  per  slot,  10  volts  per 
inductor. 

(6)  Show  by  means  of  a  vector  diagram  how  the  terminal  e.m.f. 
of  the  entire  winding  is  made  up,  and  calculate  its  effective  voltage. 

Prob.  84-9.  Draw  a  "snapshot"  picture  of  the  machine  illus- 
trated in  Fig.  329,  at  the  instant  that  its  e.m.f.  has  the  value  1380 
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volts,  the  outer  collecting  ring  being  of  positive  polarity.  The 
effective  value  of  e.mi.  as  indicated  by  a  voltmeter  across  the 
rings  is  2300  volts. 

Prob.  86-9.  (a)  Draw  a  spiral  winding  (like  Fig.  332)  for  a 
6-pole  armature  having  altogether  54  equidistant  slots,  the  winding 
occupying  only  two-thirds  of  the  total  number  of  slots. 

(6)  Calculate  the  number  of  conductors  per  slot  and  tiuns  per 
coil  required  to  produce  a  total  voltage  of  2300  at  60  cycles,  with 
5,000,000  useful  lines  per  pole,  distributed  so  as  to  produce  a  sine 
wave  of  e.m.f.  in  every  conductor. 

Prob.  8&-9.  By  vector  diagrams  similar  to  Fig.  330  and  331, 
find  the  total  voltage  induced  in  a  partly-distributed  single-phase 
winding  for  a  60-cycle,  900-r.p.m.  alternator  having  48  equidistant 
slots,  the  winding  occupying  two-thirds  of  the  total  niunber  of 
slots;  sine  wave  of  e.m.f.  having  20  volts  efifective  value  is  induced 
in  each  of  the  192  inductors  composing  the  entire  winding. 

Prob.  87-9.  Solve  Problem  27-9,  leaving  slots  3,  4,  5  and  6 
vacant  in  Fig.  334. 

Prob.  88-9.  (a)  Solve  Problem  27-9,  leaving  slots  2,  3,  4,  5,  6 
and  7  vacant. 

(6)  How  many  slots  per  pole  would  this  leave? 

(c)  Show  how  the  winding  would  then  look. 

(d)  Would  it  be  a  concentrated  winding? 

Prob.  89-9.  Draw  a  diagram  of  a  concentrated  winding  for 
the  machine  shown  in  Fig.  334  for: 

(a)  Whole  coils. 

(6)  Half  coils. 

(c)  Calculate  by  what  percentage  the  number  of  conductors  per 
slot,  and  also  by  what  percentage  the  total  number  of  conductors  in 
the  whole  machine,  would  have  to  be  greater  or  less  than  in  the 
winding  shown  in  Fig.  334,  in  order  to  generate  the  same  total 
voltage,  with  the  same  frequency  and  flux. 

Prob.  90-9.  (a)  Considering  the  active  length  of  the  conductor 
and  neglecting  the  ends  of  the  coils,  by  what  percentage  is  the 
ohmic  resistance  of  this  equivalent  concentrated  winding  of  Problem 
89-9  greater  or  less  than  that  of  the  thoroughly-distributed  winding 
shown  in  Fig.  334  for  the  same  armature?  The  slots  are  the  same 
size  in  each  case. 

(6)  When  generating  the  same  total  kv-a.  at  the  same  total 
voltage,  by  what  percentage  is  the  total  PR  loss  in  the  equivalent 
concentrated  winding  greater  or  less  than  in  the  thoroughly-dis- 
tributed winding? 
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Prob.  91-~9.  (a)  Allowing  the  same  total  PR  loss  in  the  con- 
centrated as  in  the  equivalent  thorou^y-distributed  winding,  at 
the  same  rated  full  load,  by  what  percentage  should  the  circular- 
mil  area  of  the  conductors  in  the  concentrated  be  greater  or  less 
than  in  the  distributed  winding? 

(6)  By  what  percentage  would  the  quantity  of  copp^  be  greater 
or  less? 

Prob.  92-9.  (a)  If,  in  Fig.  334  the  phase  difference  between 
the  total  induced  e.m.f.  of  the  entire  winding  and  the  current  de- 
livered is  30^,  what  is  the  power-factor  of  each  coil  in  the  winding? 

(6)  What  fraction  of  the  total  kv-a.  output  of  the  entire  winding 
does  each  of  the  coils  generate? 

(c)  What  fraction  of  the  total  IR  drop  in  the  whole  winding  is 
the  IR  drop  of  each  coil,  neglecting  the  end-connections? 

Prob.  9^-9.  (a)  Grade  the  coils  in  the  winding  of  Fig.  334,  ac- 
cording to  the  amount  of  power  they  contribute  to  the  total  power 
generated  by  the  machine,  under  the  conditions  of  Prob.  92-9. 

(6)  If  it  were  decided  to  use  a  winding  only  partly  distributed, 
using  say  only  four  out  of  the  eight  slots  per  pole,  which  coils  would 
you  drop  out  first? 

(c)  Show  the  winding  as  you  would  rearrange  it. 

(d)  What  percentage  of  the  former  armature  PR  loss  would  be 
saved? 

Prob.  94-9.  Repeat  all  diagrams  of  Fig.  334,  335  and  336,  for 
a  6*pole  single-phase  winding  thoroughly  distributed  in  6  slots 
per  pole  per  phase. 

Prob.  9&-9.  Repeat  all  diagrams  of  Fig.  334,  335,  336  for  a 
720-r.p.m.  60-cycle  alternator,  having  altogether  120  slots,  the 
single-phase  circuit  occupying  only  80  of  these. 

Prob.  96-9.  Draw  a  diagram  corresponding  to  Fig.  337b,  for 
winding  the  armature  of  the  alternator  specified  in  Prob.  95-^. 

Prob.  97-9.  (a)  Arrange  the  winding  in  Fig.  334  so  that  it 
occupies  only  4  slots  under  each  pole,  each  slot  containing  one  in- 
ductor generating  an  e.m.f.  of  sine  wave-form,  30  volts  effective 
value.    Note  that  there  are  8  slots  i>er  pole  on  the  armature. 

(6)  Calculate  the  vector  sum  of  the  e.m.f. 's  generated  in  the 
group  of  slots  under  each  pole  by  use  of  a  diagram,  such  as  Fig. 
330,  and  from  this  calculate  the  total  e.m.f.  between  rings  as  in 
Fig.  331. 

(c)  Check  this  result  by  calculating  the  total  e.m.f.  of  each 
coil  by  means  of  a  diagram,  such  as  in  Fig.  336a,  and  adding  the 
e.m.f.'8  of  all  of  the  conductors  together  successively  to  get  the 
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total  e.m.f.  between  rings.     These  two  methods  will  give  same 
result  if  applied  accurately. 

Note.  The  armature  shown  in  Fig.  338,  though  different  in  ar- 
rangement of  winding,  is  identical  in  inductors,  if  7*  =  1,  with  that 
shown  in  Fig.  333;  t.e.,  it  is  four-pole,  single-phase,  thoroughly  dis- 
tributed, 24  slots,  2  inductors  per  slot. 

Prob.  98-9.  (a)  When  10  volts  are  induced  in  each  inductor, 
what  is  the  e.m.f.  between  the  terminals  of  any  single  coil  in  Fig. 
338,  say  the  one  occupying  upper  2  and  lower  8? 

(6)  Upper  3  and  lower  9,  etc.?  Compare  results  with  those  of 
Problems  41-9  to  44-9. 

Prob.  99-9.  (a)  What  is  the  total  number  of  coils  used  in 
Fig.  338? 

(6)  How  many  used  in  Fig.  337b? 

(c)  How  many  used  in  Fig.  333? 

(d)  What  is  the  maximum  e.m.f.  acting  upon  the  insulation  be- 
tween the  upper  and  lower  inductors  iix  slot  2,  Fig.  338,  when  the  ter- 
minal e.m.f.  of  the  entire  winding  is  2300  volts  and  the  load  zero? 

Prob.  100-9.  What  e.m.f.  is  being  induced  between  the  ter- 
minals of  each  coil,  as  for  instance  the  one  in  upper  2  and  lower  8 
in  Fig.  338,  when  the  enthre  winding  delivers  2300  volts  at  zero  load? 

Prob.  101-9.  What  is  the  e.m.f.  between  the  connectors  Fir- 
Fi9  and  Sg-Su  where  they  cross  at  the  end  of  the  armature.  Fig. 
338?    Terminal  e.m.f.  of  the  entire  winding  is  2300  volts. 

Prob.  103-9.  (a)  Draw  a  winding  diagram  for  a  two-layer 
winding  to  generate  2300  volts  between  terminals,  single-phase, 
thoroughly  distributed,  24  slots,  6  poles.  Assume  6  volts  induced 
in  each  inductor. 

(6)  Show  how  a  section  of  the  slot  might  appear. 

Prob.  103-9.  Suppose  that  in  making  the  end  connections 
while  assembling  the  winding  in  Fig.  338,  Fu  had  been  connected 
to  Ss  and  Fu  to  Su.  By  what  percentage  would  the  total  voltage 
of  the  entire  winding  be  greater  or  less  than  it  should  be,  at  normal 
excitation  and  frequency,  and  zero  load? 

Prob.  104-9.  Suppose  that,  in  replacing  the  coil  Sr-F^  of  Fig. 
338,  after  making  some  repairs,  its  connections  were  reversed. 
By  what  percentage  would  the  total  e.m.f.  of  the  winding  at  normal 
frequency  and  excitation  and  zero  load,  be  increased  or  diminished? 

Prob.  106-9.  (a)  Draw  a  thoroughly-distributed  two-layer  single- 
phase  winding  for  four  poles  on  the  24-slot  armature  which  we  have 
been  using  for  illustration,  arranged  for  single  circuit,  as  in  Fig.  341. 
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(h)  Can  you  wind  it  also  for  flin^e^diase  two-drcait? 

(c)  If  not,  why  not? 

(<f)  Could  you  do  it  if  the  winding  were  not  thorougjily  dis- 
tributed? 

(e)  How? 

Prob.  10^-9.  (a)  Draw  a  spiral  winding  for  this  24rBlot  arma- 
ture of  Prob.  105,  thoroughly  distributed,  sin^e-phase,  sin^e-circuit, 
for  6  poles. 

(6)  Repeat  for  a  two-circuit  winding. 

Prob.  WI-%,    Repeat  Problem  105-0,  using  a  two-layer  winding. 

Prob.  10^9.  (a)  Draw  a  vector  diagram  showing  how  the 
terminal  e.m.f.  of  the  stator  in  Fig.  353  is  built  up  when  connected 
three-phase-delta. 

(6)  If  the  machine  is  rated  100  kv-a.,  440  volts,  at  60  cycles,  what 
is  its  speed  and  what  is  the  voltage  between  the  ends  of  each  coil 
in  the  winding,  assuming  a  sine  wave  of  e.m.f.  to  be  generated? 

Prob.  109-9.  (a)  Draw  a  vector  diagram  showing  how  the 
terminal  e.m.f.  of  the  stator  in  Fig.  317  is  built  up. 

(6)  The  machine  is  rated  200  kv-a.,  two-phase,  440  volts.  At 
what  speed  must  it  be  driven  to  give  a  frequency  of  60,  and  what 
is  the  voltage  across  each  of  the  two  sizes  of  coil  used? 

Prob.  110-9.  (a)  Draw  a  duplicate  winding  in  Fig.  364  in 
such  a  way  that  the  two  windings  together  compose  a  two-phase 
machine,  with  three  slots  per  pole  per  phase. 

(6)  What  percentage  of  the  total  number  of  slots  is  filled? 

(c)  Draw  a  vector  diagram  showing  how  a  terminal  voltage  of 
2300  per  phase  would  be  built  up,  and  calculate  from  this  diagram 
the  voltage  across  each  type  of  coil  used  in  the  winding. 

Prob.  111-9.  (a)  Draw  a  half-coiled  chain  winding,  single-phase, 
8-polo,  using  3  slots  per  pole  out  of  a  total  of  eight  slots  for  a  64-slot 
armature,  to  be  equivalent  to  the  winding  shown  in  Fig.  364.  (6) 
Spiral  winding. 

Prob.  112-9.  (a)  Draw  a  complete  winding  diagram  like  Fig. 
360,  and  the  corresponding  vector  diagram,  for  a  wave-wound 
armature  with  single-layer  bar  winding,  three-phase-delta,  10  poles, 
one  slot  per  polo  per  phase. 

(6)  CcJculatc  the  e.m.f.  that  must  be  induced  in  each  conductor 
to  give  a  terminal  voltage  of  2300  to  the  whole  winding. 

Prob.  113-9.  Draw  a  skew-coil  winding  like  Y\g,  361  for  a 
600-r.p.m.  three-phase  machine  to  give  60  cycles.  Draw  in  the 
polos  and  the  connections  between  coils  to  form  phases;  show  the 
phases  connected  in  star. 
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Prob.  114-9.  If  the  speed  and  flux  are  such  in  the  machine 
referred  to  in  Problem  113-9  that  each  coil-side  generates  a  sine 
wave  of  e.m.f.  whose  effective  value  is  100  volts,  calculate  the 
e.m.f.  between  terminals  of  the  machine  at  zero  load. 

Prob.  11&-9.  (a)  If  the  flux  per  pole  in  Fig.  362  is  of  such 
strength  and  distribution  that  each  coil-side  develops  a  60-cycle 
e.m.f.  of  sine  wave-form  and  effective  value  100  volts,  what  will 
be  the  total  e.m.f.  per  phase  and  the  terminal  e.m.f.  of  such  a 
short-coil  winding  for  a  three-phase  star-connected  armature  to 
operate  at  900  r.p.m.? 

(6)  Draw  a  complete  developed  diagram  of  this  winding  showing 
coil  connections. 

(c)  Draw  a  vector  diagram  to  explain  how  your  terminal  voltage 
was  obtained. 

Prob.  116^9.  (a)  Draw  a  vector  diagram  to  accompany  Fig.  363, 
showing  the  value  and  the  composition  of  the  terminal  e.m.f.  of  a 
12-pole,  star-connected  three-phase  machine,  if  the  e.m.f.  induced 
in  each  coil-side  is  of  the  sine  wave-form  and  100  volts  effective 
value. 

(6)  Draw  the  complete  winding  diagram  for  this  condition. 

(c)  If  it  were  desired  to  use  4  coils  per  phase  for  the  12  poles, 
how  would  the  winding  appear  and  how  many  volts  would  be  in- 
duced in  each  of  the  various  coils  used? 

Prob.  117-9.  Can  you  connect  the  coils  in  Fig.  361  so  as  to 
make  a  two-phase  generator  with  the  same  number  of  poles?  If 
not,  why  not? 

Prob.  118-9.  Can  you  connect  the  machine  shown  in  Fig.  353 
as  a  two-phase  generator  with  the  same  number  of  poles? 

(6)  If  so,  show  the  complete  winding  diagram. 

(c)  Using  the  same  rotor  operating  at  the  same  speed  as  in  Prob- 
lem 10^9,  calculate  the  terminal  voltage  across  each  phase,  the 
rated  amperes  output  per  phase,  total  rated  kv-a.  and  frequency, 
as  a  two-phase  generator,  with  the  same  maximum  allowable  tem- 
perature rise  in  each  armature  coil. 

Prob.  119-9.  (a)  Try  to  connect  the  machine  shown  in  Fig. 
317  as  a  three-phase  generator  in  star  with  the  same  number  of  poles. 

(6)  Operating  with  the  same  rotor  at  the  same  speed  as  in  Prob- 
lem 109-9,  what  would  be  the  rated  '.  olts  between  terminals,  am- 
peres output  per  terminal  and  total  kv-a.? 

(c)  Draw  the  complete  diagram  of  connections  between  coils 
and  between  phases,  and  show  by  vector  diagram  how  you  figure 
your  results. 


APPENDIX  A 

SIMPLE  TRIGONOMETRIC  FUNCTIONS 

In  a  triangle  certain  relations  exist  among  the  sides  and  angles 
which  can  be  learned  easily,  and  which  will  greatly  shorten  the 
work  of  computing  alternating-current  values. 


Fig.  la.    The  sum  of  the  angles  a,  b  and  c  must  equal  180^  whatever 

the  shape  of  the  triangle. 

la.  The  Angles  of  a  Triangle.  —  In  any  triangle,  the  sum  of  all 
the  angles  always  equals  i8o**.  Thus  in  Fig.  la,  Za  +  4  -h  zi  = 
180*.  So  if  ^^  =  25**  and  zi  =  95*^,  then  A  must  be  large  enough 
to  make  up  the  ISO*. 

z4  +  ^  =  25*  +  95*  =  120*, 
z^  =  180*  -  120*  =  60*, 
or  Za  +  4  +  z^  =  25*  +  95*  +  60*  =  180*. 

Problem  la.  In  a  right  triangle,  one  of  the  acute  angles  is  30*.  What 
is  the  other? 

Problem  2a.  A  triangle  has  one  angle  equal  to  27^,  another  equal 
to  46"".    What  must  the  third  angle  be? 

2a.  The  Right  Triangle.  The  Relations  of  the  Sides  to  One 
Another.  Consider  the  relation  of  the  lengths  of  the  sides  to  one 
another  in  the  right  triangle  in  Fig.  2a.  The  longest  side  H  is 
called  the  hypothenuse,  and  is  always  opposite  the  right  angle. 
The  other  two  sides  are  called  legs.    It  has  been  found  that: 

The  square  of  the  length  of  this  hypothenuse  is  exactly  equal  to  the 
Bum  of  the  squares  of  the  lengths  of  the  legs. 
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In  the  fonn  of  an  equation,  this  is  written 


H«=  A«  +  B«. 

From  this 

we  get 

H  =  Vil«  +  5«. 

Thus  if 

A  =3, 
^  =  4, 

then 

A*=9, 
jB*=16, 

and 

IP  =  9  +  16  =  25, 

or 

^=  V25 
=  5. 

Accordingly,  if  we  know  the  length  of  two  legs  of  a  right  triangle, 
or  of  one  leg  and  the  hypothenuse,  we  can  always  find  the  length 
of  the  third  side. 


a->i2ft 


Fig.  2a.  In  a  right  triangle  the 
square  of  the  hypothenuse,  H, 
equals  the  sum  of  the  squares 
of  the  legs,  A  and  B,    Thus 


Fig.  3a.    In  the  right 
triangle  A*  =  6*  +  a*. 


Example  la.    One  1^  of  a  right  triangle  is  12  ft.,  the  other  is  20  ft. 
How  long  is  the  hypothenuse? 
Construct  Fig.  3a. 

h  =  Va*  -f  6« 


=  Vl44  -h  400 

=  23.3  ft. 

Example  2a.  One  leg  of  a  right  triangle  is  a  line  representing  120 
pounds,  the  hypothenuse  represents  200  pounds.  How  many  pounds 
does  the  other  represent? 
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CoDstruct  Fig.  4a. 


a* 
a 


a*  +  6«, 

h*  -  y , 

V40,000  -  14,400 

-  V25,600 
B  160  pounds. 

Problem  8a«  In  a  right  triangle  the  two  legs  are  40  and  00  respec- 
tively.   How  much  is  the  hypothenuse? 

Problem  4a.  One  leg  of  a  right  triangle 
represents  a  pressure  of  110  volts.  The 
hypothenuse  represents  175  volts.  How 
many  volts  must  the  other  1^  represent? 

Problem  6&.  The  side  opposite  the  right 
angle  of  a  right  triangle  measures  4.17  a-soo^ 

inches.    One    leg    measures    3.07    inches.   Fig.  4a.    In  a  right  tri- 
What  must  be  the  length  of  the  other  leg?       angle  h*  —  a*  -^l^  or  a' 

Problem  6a.    How  long  a  ladder  is  neces-       a  ;is  —  5^ . 
saiy  to  reach  a  window  15  ft.  from  the 

ground,  if  the  foot  of  it  cannot  be  placed  nearer  the  building  than 
8  ft.  on  level  groimd? 

Problem  7a.  A  rectangular  lot  measures  100  yd.  by  80  yd.  How 
many  yards  of  travel  are  saved  by  going  ''  across  lots  "  in  getting  from 
one  comer  to  the  opposite  comer? 

8a.  Relations  Among  the  Sides  and  Angles  in  a  Right  Tri- 

ani^e.    Sine.    Ck>Dsider  the  right  triangle  in  Fig.  5a,  having  one 

angle  of  .30^.    In  such  a  triangle  the 

length  of  the  side  opposite  the  30^ 

angle,  that  is,  the  side  a,  will  always 

be  exactly  one-half  of  the  length  of 

the  h3rpothenuse  h.     Thus  if  the 

hypothenuse  is  10  inches  long,  a  will 

be  }  of  10,  or  5  inches  long.    If  h 

^^    t>      T          .  ux  i.  •      i  represents  a  force  of  90  pounds,  then 

Fig.  5a.    In  a  right  triangle  *^  .„                .      -          *  ,    r  k^ 

, .         oAo       1    *u     -J  »  will  represent  a  force  of  J  of  90,  or 

having  a  30   angle,  the  side  At{          a                             a          > 

opposite  the  30*»  angle  is  al-  *^  P<>"^^-  .  u  w 

Suppose  that  we  have  a  right  tn- 

angle.  Fig.  6a,  with  a  53^  angle  in  the 

place  of  the  30**  of  Fig.  5a.    Then 

the  length  of  the  leg  a  (opposite  the  53°  angle)  will  be  -^  of  the 

length  of  the  hypothenuse  h.    Thus  if  h  is  10  in.  long,  a  will  be 

1%  of  10,  or  8  inches.    If  h  is  40  inches  long,  a  will  be  -^  of  40, 

or  32  inches  long. 


ways  one-half  as  long  as  the 
hypothenuse. 
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THIS  FRACTION  ^diich  the  side  opposite  an  angle  is  of  the  hy- 
potfaenuse  has  been  given  the  name  of  SINE  of  the  angle.    Thua 

the  sine  of  30^  is  0.5,  which  means  that  in 
any  right  triangle  containing  a  30^  angle, 
the  side  opposite  this  30^  angle  is  0.5  of 
the  hypothenuse.    It  is  usually  written 

sin  30**  =  0.500. 


A  table  has  been  made  of  the  sines  of 
all  angles  between  (f  and  dO^,  and  can  be 
found  on  page  521,  columns  2  and  6. 

By  means  of  this  table,  if  one  of  the 
angles  of  a  right  triangle  is  known,  together 
with  the  length  of  the  h3rpothenuse,  then 
the  length  of  the  two  legs  can  be  found. 
Or  if  any  angle  and  one  leg  is  known,  the 
hypothenuse  and  the  other  1^  can  be 
found. 


Fig.  6a.  In  a  right  tri- 
angle having  a  53^ 
angle  the  side  oppo- 
site this  53®  is  always 
T^  of  the  h3rpoth- 
enuse. 

Example  4a.  If  the  hypothenuse  of  the 
right  triangle  of  Fig.  7a  is  14  inches  long,  what  are  the  lengths  of  the 
sides  a  and  b?  The  angle  between  h  and  a  «  25^  From  the  defini- 
tion of  sine,  we  know  that 

■    2.»i*  a  side  opposite  25' 
hypothenuse 


That  is, 


sin  25' 


6 

h 


From  the  table,    sin  25""  »  0.432. 


Therefore 


Fig.  7a.    The  fraction  ^  has  a  cer- 
tain value  called  the  sine  of  25®. 


I  =  0.423. 

n 

5  »  0.423^ 
=  0.423  X  14 
«  5.92  inches. 


Since  the  sum  of  the  angles  of  the  triangle  must  equal  180%  the  angle 
opposite  a  must  equal  180®  -  25®  -  90®  -  65®. 

Sin  65®  =  "^^  oppofflte  65®^ 
hypothenuse 


or 


^=  sin  65®. 

A 
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From  ttie  tabl^ 
Therefore 


sin  65''  »  0.906. 


a 

h 
a 


7  =  0.906. 

=  0.906  A 
=  0.906  X  14 
=  12.7  inches. 


This  checks  with  the  rule  that  the 
square  of  the  hypothenuse  equals 
the  sum  of  the  squares  of  the  other 
two  sides,  because 

12.7«  +  6.92«  =  14*. 

Example  6a«  One  of  the  angles 
of  a  right  triangle  is  35°  and  the  side 
opposite  it  represents  a  force  of  .240 

n^whiS^'^^^^ti^yS:  Fxo.8a.Thefraction?f-ain35-. 

S^r^.t.  *"'  "*""  "'''    Th«  fr-«-  J  -  sin  (90--  35-). 

By  definition  of  sine, 

.    «..o      side  opposite  35° 
smoo   =  — ; — ^ > 

hypothenuse 
240 


From  table. 


Thus 


or 


sin  35°  = 

sin  35°  =  0.574. 

0.574  =  ^, 
k 

0.574  A  =  240, 

240 


h^ 


0.574 
=»  418  pounds. 
The  angle  (^posite  1^  a  equals 

180°  -  90°  -  35°  =  55°, 

.    -co  _  side  opposite  55* 

hypothenuse 
a 

"a 

""  418* 
From  table, 

sin  55°  =  0.819. 
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ThUi 


4li  -  '■'''' 
a  =  0.819  X  418 
—  343  pounds. 

By  means  of  this  relation 
which  exists  between  the  side 
opposite  an  angle  and  the  by- 
pothenuse,  the  number  of  de- 
grees in  the  angles  of  a  right 
triangle  may  be  found. 

Fio.Qa.    The  fraction  g  =  sin  9.  ExMiiple6a.    Determine  the 

angles  in  a  right  triangle,  hav- 
ing 20  pounds  for  one  leg  and  65  pounds  for  hypothenuse. 
Construct  Fig.  9a. 


By  definitioui 

From  table, 
Therefore 


sind  =  ^  -0.308. 
65 


0.309  is  sine  of  18^ 

angle  B  »  18^  approx., 
angled  =  180**  -  90*»  -18* 
=  72®  approx. 


FiQ.  10a.  In  the  right  tri- 
angle find  the  value  of 
the  sides  S  and  T, 


Fia.  11a.    A  right  triangle. 


Problem  8a.    Find  the  value  of  S  and  T  in  Fig.  10a. 

Problem  9a.  A  40-ft.  ladder  leaning  against  a  house  makes  an 
angle  of  72°  with  the  ground.  To  what  height  does  it  reach  on  the 
side  of  the  house,  and  how  far  is  the  foot  of  the  ladder  from  the  house? 
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Problem  10a.  In  Fig.  11a,  A  B  is  48  inches  long.  How  long  are 
BC  an4  AC? 

Problem  11a.  A  25-ft.  ladder  leaning  against  a  house  makes  an 
angle  of  62^  with  the  ground.  To  what  height  does  it  reach  on  the  side 
of  the  house,  and  how  far  is  the  foot  of  the  ladder  from  the  house? 

Problem  12a.    Find  the  value  of  Z  in  Fig.  182. 

Problem  18a.  One  leg  of  a  right  triangle  represents  an  e.m.f.  of  240 
volts.  The  hypothenuse  represents  300  volts.  What  is  the  angle 
opposite  the  240  leg? 

Problem  14a.  How  many  volts 
does  the  other  leg  of  the  right  tri- 
angle in  Problem  13a  represent  and 
what  is  the  value  of  the  angle  oppo- 
site it? 

Problem  IBa.  A  pole  resting  on 
the  ground  is  inclined  at  an  angle 
of  20^  from  the  vertical.  From  the 
top  of  the  pole  to  the  ground, 
measured  on  a  vertical  line,  is  15  ft. 
How  long  is  the  pole? 

Problem  16a.  What  must  be  the 
value  of  the  angle  ^  in  Fig.  12a, 
in  order  to  make  MX  =  110? 
OM  =  200? 

Problem  17a.  What  is  the  value 
of  the  hne  OX  in  Prob.  16a? 

Problem  18a.  If  angle  0  remains  the  same  as  in  Prob.  1Q&,  how 
long  must  OM  be  in  order  to  make  OX  —  84? 

Problem  19a.    Find  the  value  of  Et  in  Fig.  179. 

Find  the  value  of  Z  in  Fig.  184. 

What  is  the  value  of  (i)  in  Fig.  17? 

In  Fig.  19,  what  is  the  value  of  (i)? 

Find  (i)  m  Fig.  20. 

What  is  the  value  of  (i)  in  Fig.  22  ? 

What  is  the  value  of  (e)  in  Fig.  39  ? 


Fig.  12a.    The  triangle  OMX  is  a 
right  triangle. 


Problem  20a. 
Problem  21a. 
Problem  22a. 
Problem  23a. 
Problem  24a« 
Problem  26a. 
Problem  26a. 
(-  ei)? 
Problem  27a. 

Problem  28a. 
BN? 

Problem  29a. 
has  IrH 

Problem  30a. 
has/x/? 


In  Fig.  35,  Em  equals  220  volts.    What  is  the  value  of 

Find  the  values  of  CS  and  BH  in  Fig.  86. 

AB,  Fig.  88,  equals  840  volts.    What  is  the  value  of 

In  Fig.  138,  01  =  62  amperes,  e  »  22''.    What  value 
In  Fig.  138,  01  «  62  amperes,  0  »  22"*.    What  value 
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4a.  Cosine.    We  have  seen  that  in  a  right  triangle,  as  in  Fig. 
13a,  the  leg  a  is  always  a  definite  fraction  of  the  hypothenuse. 

This  fraction  is  called  the  sine  of  the 
angle  which  is  opposite   the  side. 


Thus 


a       .    ^ 
-  =  sin^. 


Fig.  13a.     The  fraction  t  is 

n 

called  the  cosine  of  the  angle  8, 
Thus 


It  is  also  true  that  b,  the  side 
adjacent  to  the  angle  9,  is  a  definite 
fraction  of  the  h3rpothenuse.  This 
fraction  is  called  the  COSINE.  The 
cosine  of  an  angle  then  may  be  defined 
as  that  fraction  which  the  side  ad- 
jacent to  the  angle  is  of  the  hypoth- 
enuse. 
h 

COBd  =  -• 

n 


If  e  =  60°,  and  A  =  40, 

then  h  must  equal  i  of  40,  or  20,  because  cos  60°  »  0.500.    On 
page  521  is  a  table  of  cosines. 

Example  7a.    In  Fig.  13a,  9  «  40^  A  «  12  ft.    What  length  does  b 
represent?    By  definition, 

.^o      side  adjacent  40^ 

COB  40®  =  — ; *-; » 

hypothenuse 

COS  40**  =  7 
h 

h 


From  table^ 
Then 


cos  40' 


12 
0.766. 


^  -  0.766, 

6  =  12  X  0.766 
=  9.19  ft. 


Problem  81a.    Solve  Prob.  14a  by  the  cosine  table. 

Problem  32a.  One  angle  of  a  right  triangle  is  35®.  The  side  ad- 
jacent to  this  angle  represents  900  amperes.  How  many  amperes  does 
the  hjrpothenuse  represent? 

Problem  33a.    Solve  Prob.  18a  by  the  cosine  table. 

Problem  84a.  If  in  Fig.  13a  a  »  75,  h  -  120,  what  value  has  the 
angle  between  them? 
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Problem  86a.  How  long  must  the  hypothenuse  of  a  right  triangle 
be  when  one  of  the  angles  is  20^  and  tibe  side  adjacent  to  this  angle 
is  2.16  inches  long? 

Problem  SOa.    In  Fig.  60,  what 
is  the  value  of  ^? 


5a.  Tangent.  Consider  Fig. 
14a.  Not  only  does  a  definite 
relation  exist  between  a  and  h, 
and  between  b  and  h,  but  also 
between  a  and  b. 

The  relation  of  a  to  h  is  called 
the  sine  of  the  angle  e. 

The  relation  of  b  to  h  is  called 
the  cosine  of  the  angle  6. 

The  relation  of  a  to  b  is  called 
the  tangent  of  the  angle  0. 

As  it  is  generally  written 


Fig.  14a. 
The  fraction  -r^  an$. 


u 


u 


a 


u 


•r  =  COS^. 

T  -  tan^. 


_  a  _  side  opposite  6 

h  ""  hypotheniise 

b     side  adjacent  9 

h       hypothenuse 
_  g  _  side  opposite^ 

b     side  adjacent^ 

Example  8a.    If  in  Fig.  14a  the  angle  0  is  25®  and  b  is  9  inches  long, 
how  long  is  a? 
By  definition, 

tan  25*^  -^  side  opposite  25* 
side  adjacent  25* 
a      a 

From  table  on  page  521, 

tan  25''  »  0.466. 


'1 


Thus 


I  -  0.466, 

a  =  9  X  0.466 
=  4.19. 


Problem  87a.    In  Fig.  14a,  if  a  »  45  pounds  and  6  «  65  pounds, 
what  value  has  angle  07    (Use  tangent  table.) 

Problem  88a.    Solve  Prob.  17a  by  means  of  tangent  table. 
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Problem  89a.  One  leg  of  a  right  triangle  repreeents  110  volts.  The 
angle  opposite  this  leg  is  28**.  How  many  volts  does  the  other  leg 
represent? 

Problem  40a.  In  Fig.  10a, 
find  the  value  of  7  by  means  of 
the  tangent  table. 

Problem  41a.  In  Fig.  15a, 
XZ  »  500,  rx  «  300.  Find  the 
value  of  the  angle  $. 

Problem42a.  FindZFinFig. 
15a,  and  angle  ^. 

Problem  4Sa.    One  of  the  legs 

3 

of  a  right  triangle  is  -  of  the 

o 

hypothenuse.    What  is  the  angle  between  this  leg  and  the  hypothenuse? 

Problem  44a.  What  fraction  of  the  hypothenuse  in  triangle  of 
Prob.  43a  is  the  other  leg? 

6a.  Solution  of  Oblique  Triangles  and  Parallelograms.  Tri- 
angles which  are  not  right  triangles  are  called  oblique  trianc^es. 
They  can  be  solved  either  by  dividing  them  up  into  right  trian^es, 
or  adding  enough  to  them  to  make  them  right  triangles.  The 
right  triangles  thus  formed  can  then  be  solved  8S  above.  Paral- 
lelograms are  solved  in  the  same  way. 


Fig.  15a.    A  right  triangle. 


C— 60 


Fio.  16a.    By  adding  the  lines  d  and  e  to  the  parallelogram,  a  ri|^t 
triangle  is  made  by  the  sides  a,  d  and  (c  +  e). 

Example  9a.  In  alternating-current  work  it  is  often  necessary  to 
find  the  diagonal  a  of  a  parallelogram,  Fig.  16a,  of  which  the  sides  b 
and  c  and  the  angle  between  are  known. 

Draw  d  perpendicular  to  e  which  is  an  extension  of  c.  It  can  be 
proved  that  b'  always  equals  b  and  that  angle  ^  always  equals  angle  9. 

Angle  e  »  60"*.    Therefore  angle  ^  -  60^ 
6-20.    Therefore  h'  -  20. 

p-sin^-sineO"*- 0.866, 

d  »  0.866  h' 
-  0.866  X  20 
-17.3. 
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jz  »  coe^  =  oo8  60*.«  0.600, 


e  =•  20  X  0.600 

-10. 

rp               d            17.3 

^"'c  +  e^eO-MO 

-^-0.288. 

60 

In  tables 

0.287  =  tan  IB**. 

Therefore 

angle  x  —  16®  appioz., 

but 

-  »  sin  a;  <-  sin  16% 

a 

17.3     ^  ^^ 

^^^  =  0.276, 

a 

17.3=0.2760, 

-  17.3 
a  - , 

0.276 
=  62.6. 
Thus  a  -  62.6  and  acts  at  an  angle  of  W  to  C. 

7a.  The  Diagonal  of  a  Parallelogram.  The  above  method  re- 
quires so  many,  construction  lines  and  so  much  computation  that  it 
is  customary,  when  the  length  of  the  diagonal  is  required,  to  use 
the  following  rule  which  is  very  easy  to  remember. 

The  square  of  the  diagonal  of  a  parallelogram  equals  the  sum  of  the 
squares  of  the  two  sides  plus  twice  the  product  of  the  two  sides  times 
the  cosine  of  the  angle  between  the  two  sides. 

The  sides  referred  to  are  always  those  two  which  come  together 
at  the  point  where  the  diagonal  starts. 

Thus  in  Fig.  16a,  the  square  of  the  diagonal,  a',  equals  the  sum 
of  the  squares  of  the  two  sides  (b*  +  c^)  plus  twice  the  product  of 
these  two  sides  times  the  cosine  of  the  angle  between  them  (2  be 
cos  60**). 

Note  that  the  sides  b  and  c  come  together  at  the  point  where  the 
diagonal  a  starts,  and  that  it  is  the  angle  60°  l3ring  between  b  and  c, 
which  is  used  in  the  equation. 

We  use  this  equation  to  solve  for  a  as  follows: 

a«=6«  +  c*  +  26ccos60*' 
=  20*  +  50«  +  2  X  20  X  60  X  0.600 
=  400  +  2500  +  1000 
-3900, 

c=  \/3900 
«  62.4. 
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The  diagonal  is  thus  found  much  more  quickly  and  accurately 
by  this  rule  than  by  completing  right  triangles  and  solving  them. 

Problem  46a.  One  side  of  a  parallelogram  represents  a  force  of 
900  pounds;  the  adjacent  side,  a  force  of  650  pounds.  The  angle  be- 
tween the  two  sides  is  40^.  What  force  does  the  diagonal  drawn  from 
their  point  of  intersection  represent? 

Problem  46a*  In  Fig.  190,  find  the  value  of  Z%  when  Z  «  8  ohms  and 
Zi  »  10  ohms. 

Problem  47a.  The  diagonal  of 
a  parallelogram  represents  a  volt- 
age of  360  volts.  One  side  rep- 
resents 100  volts.  What  does  the 
other  side  represent  if  the  angle 
between  the  two  sides  is  35^  'Phe 
diagonal  is  drawn  from  the  point 
of  intersection  of  the  two  sides 
mentioned. 

Fig.  17a.    Find  the  value  of  c  when       Problem  48a.    Find  the  value  of 

a,6and«areknown.  ^  |?  ^'Jo^*'  if  a  -  10,  6  -  16 

*  and  0  =  60*. 

Problem  49a.  What  value  must  b  have  in  Fig.  16a  in  order  that  a 
may  have  the  value  75,  c  and  e  having  the  original  values? 

Problem  60a.  Two  forces,  one  of  240  pounds,  the  other  of  160  pounds, 
make  an  angle  of  50*  to  each  other.  CJonstruct  a  parallelogram  and 
find  the  length  of  the  diagonal  which  represents  the  resultant  of  the 
two  forces. 

Problem  61a.  In  the  parallelogram  of  Fig.  17a,  a  »  90,  6  »  125, 
0  B  75*.     Find  the  side  c. 

Problem  62a.    What  is  the  value  of  OR  in  Fig.  83? 

Problem  63a.    Find  the  value  of  OR  in  Fig.  84. 

Problem  64a.    Find  the  angle  which  OR  of  Fig.  84  makes  with  OA, 

Problem  66a.  Find  the  value  for  ORi  of  Fig.  84,  using  results 
obtained  in  Prob.  53a  and  54a. 

Problem  66a.  In  Fig.  91c,  A  =  400  volts,  ^  »  600  volts.  What  is 
the  value  of  Rif 

Problem  67a.    Find  the  value  of  /  in  Fig.  157. 

8a.  The  Oblique  Triangle.  Relation  between  Sides  and 
Angles.  The  Cosine  Law.  It  will  be  noted  from  Fig.  I7a  that 
the  parallelogram  is  divided  into  two  triangles  by  the  diagonal  6. 
The  sides  of  one  triangle  are  a,  b  and  c.  The  angle  $  is  between 
the  sides  a  and  6. 
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Considering  these  lines  as  a  part  of  a  parallelogram^  we  have 
seen  that  tiie  following  equation  holds: 

ft*  =  a«  +  c»  +  2accos«. 

If,  now,  we  consider  these  lines  as  sides  of  a  triangle,  we  find 
that  the  foUowing  very  similar  equation  can  be  used: 

Ci«  =  a*  +  6*-2a6coe^. 

H  order  to  distinguish  this  equation  from  that  for  the  parallelo- 
gram, it  is  mecsdy  necessary  to  note  that  the  sign  of  the  term 
2abco8$  has  been  changed  to  a  minus,  and  that  the  angle  d  is 
always  the  angle  opposite  that  side  which  stands  alone  on  the 
other  side  of  the  equation.  Thus  the  value  Ci*  stands  alone  on  one 
side  of  the  equation  and  therefore  the  angle  e  is  used. 

The  most  common  use  of  this  rule  is  for  finding  the  angles  of  a 
triangle  of  which  the  three  sides  but  no  angles  are  known. 

Suppose,  in  the  triangle  o^ci,  of  Fig.  17a,  that  a  =  80,  6  »  120 
and  ci  »  60.    The  value  of  the  angle  $  can  be  found  as  foUows: 

60*  =  80*  +  120*  -  2  X  80  X  120cos^. 

19,200  cos  9  =  20,800  -  3600 

17,200 

cos  0  =s  — - — 

19,200 

=  0.896 

$  =:  26^  20^. 

The  angle  opposite  the  side  a  can  be  found  in  the  same  way. 

Let  X  a  angle  opposite  side  a. 

Then 

a'  =  ft*  +  ci*  —  2  6c  cos  X 

80*  =  120*  +  60*  -  2  X  120  X  60  cos  « 

120*  +  60*  -  80* 

cos  z  =* 

2  X  120  X  60 

=  .806 

z  =  36^  20^. 

The  remaining  angle  =  180  —  ^—  x 

=  180  -  26**  20'-  36**  20^ 

=  117**  20'. 

In  any  triangle  any  two  sides  have  the  same  relation  to  each 
other  as  the  sines  of  the  angles  opposite  the  sides. 

This  rule  is  called  the  Law  of  Sines  and  enables  us  to  solve  quickly 
diagrams  in  which  we  know  two  angles  and  one  side  of  a  tzian^e, 
as  in  fig.  18a,  where  two  angles  of  60**  and  50**  are  given  and  one 
dde,  a  a  24. 
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The  other  angle  must  equal  70^,  in  order  to  have  the  sum  of  the 
angles  add  to  ISO**. 

Using  the  Law  of  Sines,  we  have 

c  _  sine  of  angle  opposite  c 

a      sine  of  angle  opposite  a 
_  sin  60** 

"sin  60' 
0.866 


Thus 


0.766 


a-U 


Fio.  18a.  The  fraction  -  equals 


the  fraction 


sinSy 
sineO"" 


-  -  1.13. 
a 

That  is,    c»  1.13a 

-  1.13  X  24 

-27.1. 


Similarly 


b      sine  of  angle  opposite  h 

a       sine  of  angle  opposite  a 
^  sin  70° 

"  sin  60° 
0.940 

Thus  "0.866 

^-1.23 
a 

5 -1.23a 

-  1.23  X  24 

-29.5. 


Fig.  19a.    An  oblique  tri- 
angle. 


Problem  68a. 
sines. 

Problem  S9a. 
in  Fig.  19a. 

Problem  60a. 
Problem  61a. 


In  Fig.  10a,  find  the  value  of  8  and  T  by  the  law  of 
Find  the  value  of  the  side  c  and  the  other  two  angles 


In  Fig.  20a  find  the  length  of  the  sides  a  and  b. 

Find  the  value  of  the  angle  between  Ri  and  A  in 
Fig.  91c.    A  =  42,  B  =  61. 

Problem  62a.  What  is  the  value  of  the  angle  between  OR  and  OA 
in  Fig.  78? 

Problem  6Sa.  Compute  the  value  of  the  angle  between  /{  and  ORi 
in  Fig.  139a.    ORi  »  42.2. 

9a.  The  Sine  of  Angles  Greater  than  90^.  In  altemating-cur- 
rent  computation,  we  often  use  such  expressions  as  sin  120%  sin 
330^,  etc.,  yet  it  will  be  noted  that  the  trigonometric  tables  do  not 
give  the  sine,  cosine,  or  tangent  for  angles  greater  than  90^. 
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The  reason  is  that  for  angles  beyond  90^  the  tables  would  merely 
have  to  repeat  the  values  abready  given.  Thus  sin  91^  is  the  same 
as  sin  89"",  sin  92"*  »  sin  88^  etc. 


a-? 
Fig.  20a.    To  find  the  value  of  the  sides  a  and  b  in  an  oblique  triangle. 

When  looking  up  a  function  of  an  angle  greater  than  90^,  it  is 
necessary,  then,  to  know  what  angle  in  the  tables  has  the  same  value 
.  for  this  function  as  the  one  with  which  we  are  dealing.    This  can 
best  be  determined  as  follows: 

Suppose  it  is  desired  to  find 
the  sine  of  the  angle  120^. 

Instead  of  constructing  a  tri- 
angle, erect  the  axes  xx'  and 
yy\  Fig.  21a.  Draw  OR  at  an 
angle  of  120''  to  OX,  Drop  a 
perpendicular  RV  from  R  to  xa/. 


Then 


RV 
RO 


X— 


Fio.  21a.     The  fraction 


sin 


is  the  sine  of  120^. 

RV 
But  we  see  that  ^zr  must  also 

be  the  sine  of  the  angle  $,   Since 
^+ 120^  =  2  right  angles  =  180^ 
then    ^  =  180**  -  120^  =  60**. 
Thus 
sin  120**  =  sin  (180**  - 120**) 
=  sin  60** 
»  0.866. 

In  the  same  way  the  sine  of  all  angles  between  90**  and  180**  can 
be  found.    Thus: 

sin  92^  =  sin  (180**  -  92*')  =  sin  88^ 
sin  150**  =  sin  (180**  -  150**)  =  sin  30**, 
sin  165**  =  sin  (180**  -  165**)  =  sin  15^ 

etc. 


120*  «  sm  ^*» 
=  8In60^ 


RO 

sin  (180*^  -  120**) 
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The  rule  ]fi 

The  sine  of  any  angle  between  90^  and  180°  equals  the  sine  of  an 
an^e  whose  value  is  180^  minus  the  given  angle. 

It  is  best  not  to  memorize  any  rule,  but  in  each  case  to  draw  a 
rough  diagram  and  note  the  above  relation. 


Fig.  22a. 


The  fraction  jr^ 


'--a 


sin  22(f  =  -  sin  ^  =  -  sin  (220-180**) 
=  — 8in40*. 


Suppose  it  is  required  to  find  the  sine  of  an  angle  between  180^ 
and  270^  say  220"*.  Construct  the  axes  xs/  and  yy'  of  Fig.  22a, 
and  draw  OR  at  an  angle  of  220°  to  Ox,  Note  that  OR  is  aiwa3r8 
drawn  at  the  given  angle  to  Oz.    Draw  RV  perpendicular  to  xx\ 

^^  =  8in220^ 


Now 
But,  also, 

Therefore 


OR 
VR 


=  mn.0, 


OR 

$  =  220°  -  180°  =  40°. 
sm  220°  =  sin  (220°  -  180°) 

=  sin  40°, 
sin  40°  =  0.643. 

But  note  that  in  this  case  VR  is  below  the  line  xx'.    Whenever  this 

VR 

occurs,  the  line  VR  is  said  to  be  negative.    Thus  the  fraction  ^r^ 

OR 

must  have  a  minus  sign  before  it  and 

sin  220°  =  -  sin  40° 
=  -  0.643. 
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The  sine  of  any.  angle  between  iSo"*  and  lyo^  must  have  the  minus 
sign,  and  equals  the  sine  of  an  angle  whose  yalue  is  i8o^  less  than  the 
given  angle. 

Thus  sin  185**  =  -  sin  (185^  -  18(f)  =  -  sin  5^ 

sin  260**  =  -  sin  (240^  -  180**)  =  -  sinCO^ 


VR 
¥iQ.  23a.  The  fraction  -p^  =  sin  326**  =  -sin  ^  =  -sin  (360*-326**)  = 


OR 


-  sin  35^ 


Similarly,  the  sine  of  any  angle  between  270^  and  360^  can  be 
found  by  drawing  the  axes  xx'  and  yy'  of  Fig.  23a  and  putting  in 
the  line  OR  at  the  given  angle,  say  325°,  to  the  line  Ox. 


But 


VR 

OR 
VR 


=  sin  326**. 


=  sin^. 


OR 
^  «  360**  -  325**  =  35*. 

Therefore  sin  325**  »  sin  35**.    But  VR  is  below  the  line  and  there- 

VR 
fore  is  negative,  thus  z^  ,  or  sin  35**,  must  be  negative. 

Thus  sin  325**  =  -  sm  (360**  -  325**) 

=  -sin  35** 
=  -  0.574. 
Similarly    sin  300**  =  -  sm  (360**  -  300**)  =  -  sin  60, 
sin350**»  -  sin  (360**  -  350**)  =  -sin  10**, 

etc. 
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The  sioe  of  any  angle  can  be  found  by  the  above  method.  Care 
must  always  be  taken  to  note  whether  the  line  RV  \s  plus  or  minus; 
that  is,  whether  it  is  above  or  below  the  line  xx\ 

lOa.  Cosine  of  Angles  Greater  than  90^.  Suppose  it  is  required 

to  find  the  cosine  of  any  angle  between  90°  and  180°,  say  120^. 

Draw  Fig.  21a  again. 

OV 
^=008  120-. 

OV 
But,  also,  Ypo  =  cos^**' 

e  has  been  foimd  to  be  equal  to  180°  -  120°  =  60°. 

Thus  cos  120°  =  (cos  180°  -  120°)  =  cos  60° 

=  0.500. 

But  when  the  line  OV  extends  to  the  left  of  the  axis  yy'  it  has  the 

OV 
minus  sign.    Thus  the  fraction  pr^must  be  negative. 

Therefore    cos  120°  =  -  cos  (180°  -  120*) 

=  -  cos  60° 

=  -  0.500. 
Similarly     cos   92°  =  -  cos  (180°  -  92°)  =  -  cos  88°, 
cos  175°  =  -  cos  (180°  -  175°)  =  -  cos  5°. 

In  Fig.  22a  it  will  be  noted  that  the  line  07  is  still  to  the  left  of 
yy\  so  that  the  cosine  of  any  angle  between  270°  and  180°  is  also 
negative.  But  in  Fig.  23a  the  line  OV  extends  to  the  right  of  yy'^ 
and  thus  the  cosine  of  any  angle  between  270°  and  360°  is  positive. 

Note  that  in  finding  the  cosine  of  any  angle  greater  than  90°,  we 
use  the  same  figure  which  is  drawn  for  finding  the  sine  and  the  same 
rules  apply.    The  only  difference  is  in  the  sign  of  the  function. 

11a.  Tangent  of  Angles  Greater  than  90°.  To  find  the  tan- 
gent of  any  angle  between  90°  and  180°,  say  120°,  construct  Fig. 
21a.    Note  that  07  is  minus. 

VR 
t^l20°  =  -^. 

VR 

But,  also,  —r^  «  -  tan^  =  -  tan  (180°  -  120°)  =  -  tan  60°. 

Thus  tan  120°  =  -  tan  60°. 

SimUarly  tan  98°  =  -  tan  (180°  -  98°)  =  -  tan  82°, 

tan  170°  =  -  tan  (180°  -  170°)  =  -  tanl0°, 

etc. 
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'  ) 


SIMPLE  TRIGONOMETRIC  FUNCTIONS  617 

An  interesting  fact  must  be  noticed  in  the  case  of  the  tangent  of 

angles  between  180''  and  270''.    By  Fig.  22a  it  can  be  seen  that 

VR 
tan  220**  =  — ,  and  that  both  VR  and  OV  are  negative. 

This  makes  the  fraction  positive,  since  it  is  the  quotient  of  a 
negative  by  a  negative.  The  tangent  of  all  angles  between  180^ 
and  270®  must  be  positive. 

Thus  tan  220**  =  tan  (220**  -  ISO**)  =  tan  40^ 

tan  265°  =«  tan  (265**  -  ISO**)  =  tan  S5^ 

etc. 

VR 
By  Kg.  23a  it  will  be  seen  that  in  the  fraction  zr^,  the  tangent 

of  any  angle  between  270**  and  360**,  OV  has  become  positive  while  ^ 

OR 
VR  remains  negative.    Thus  the  fraction  ^r^  is  n^ative  and  the 

tangent  of  all  these  angles  must  be  negative.  \ 

Thus        tan  325**  =  -  tan  (360**  -  325**)  =  ^  tan  35^  ^ 

tan  275**  =  -  tan  (360**  -  275**)  =  -  tan  S5**. 

To  find  the  sine,  cosine,  or  tangent  of  any  angle  greater  than  90°, 
proceed  as  above,  each  time  drawing  the  axes  and  the  line  ORj  and  ** 

noting  whether  either  or  both  of  the  lines  07  or  i2  7  are  negative.  | 

Look  up  in  the  tables  the  function  of  that  angle  which  the  figure 
shows  to  have  an  equal  function. 

For  angles  greater  than  360**,  subtract  360**  before  proceeding. 

Problem  64a.    Find  the  cosine,  sine,  and  tangent  of  155**. 

Problem  66a.    Reduce  the  following  to  functions  of  acute  angle. 

(a)  Sin  164 
(6)  Cos  195 
(c)  Tan  173 

Problem  66a«  What  is  the  value  of  tan  310**? 

Problem  67a.  Find  the  value  of  sin  815°. 

Problem  68a.  Of  what  angle  greater  than  ISO**  is  0.492  the  sine? 

Problem  69a.  What  are  the  angles  less  than  360°  the  cosine  of  which 
is  0.500? 

Problem  70a.  Find  the  value  of  e  in  the  equation  e  =  400  sin  260°. 

Problem  71a.  Find  the  value  of  E  in  the  equation 

-  42  =  ^  cos  130°. 

Problem  72a.  Find  the  value  of  9,  greater  than  90°,  which  fits  the 
equation  96  =  400  cos  d. 

Problem  73a.    What  is  the  value  of  the  angle  $  in  Fig.  17a,  if  the 
values  of  Problem  51a  are  applied  to  the  figure? 
Problem  74a.    Find  the  value  of  e  in  Fig.  177. 


•4- 


^ 
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Summary  of   the  Trigonometry  Needed   to   Solve   Alter- 
nating-current Problems. 

(1)  In  any  triangle  the  sum  of  all  the  angles  equals  180^ 


FiQ.  24a.    A  right  triangle. 


(2)  In  a  right  triangle,  Fig.  24a.* 

(a)  A* «  a«  +  6». 

h  ft 

(6)  Sin  ^  =  7 ,    cos  ^  =  T- , 
ti  n 

(c)  Sin0  =  ^,    cos0  =  7, 


( 


tantf  as  -. 
a 

.  a 

tan0  =  r- 

0 


(3)  The  sides  of  any  triangle  hold  the  same  relation  to  one  an- 
other as  the  sines  of  the  angles  opposite  them. 

(4)  In  any  parallelogram,  the  square  of  the  diagonal  equals  the 
sum  of  the  squares  of  the  two  sides,  which  meet  where  the  diagonal 
starts,  plus  twice  the  product  of  these  two  sides  times  the  cosine 
of  the  angle  between  them. 


a  -  diagonal. 


b 
& 
c 


=  sides  which  meet  where  diagonal  a  starts. 
e  »  angle  between  b  and  c. 


(5)  Oblique  triangles  and  parallelograms  can  be  solved,  without 
the  use  of  rules  (3)  and  (4),  by  dividing  them  into  right  triangles 
and  using  rules  (1),  (2)  and  (3). 

(6)  The  sine  of  any  angle  is  equal  to  the  sine  of  some  an^e  less 
than  90^.  This  angle  can  be  found  by  drawing  diagrams  like  fig. 
21a,  22a  and  23a.    Some  of  the  sines  may  be  negative. 

(7)  The  statements  in  (6)  are  true  of  the  cosine  and  tangent  of 
any  angle. 
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PROBLEMS  IN  TRIGONOMETRT 

Problem  76a.   If  the  two  forces  in  Problem  45a  are  at  an  angle  of 
150%  what  would  the  resultant  be? 

Problem  70a.  In  the  parallelogram  of  Fig.  25ai 

a  »  800,  6  «  600,  1^  -  132*. 
Find: 

(a)  The  line  c. 
(6)  The  angle  9. 


Problem  77a. 

In  the  parallelogram  of  Fig.  17a, 

a  =  900, 

c  =  4O0, 

\ 

^  =  70^ 

Find  the  value  of  b. 

Problem  78ft. 

Find  the  value  of  9  in 

Prob.  77a. 

a 

> 

\ 
\ 
\ 

♦fa 

^^v 

/ 

\ 

Fig.  25a.    Given  ^,  a  and  c.    Find  the  value  of  6  and  9. 

Problem  70a.   In  the  parallelogram  of  Fig.  25a, 

a  =  8, 
c  —  6, 
0  =  135*. 
Find  6  and  B, 

Problem  80a.  One  side  of  an  oblique  triangle  is  12  inches  long,  the 
adjacent  side  is  7  inches  long.  The  angle  between  sides  is  30^.  How 
long  is  the  third  side? 

Problem  81a.  If  the'angle  between  the  two  sides  given  in  Prob.  80a 
were  120%  how  long  would  the  third  side  be? 

Problem  82a.  A  triangle  is  composed  of  sides,  18,  29,  and  37  inches 
long.    What  are  the  angles  of  this  triangle? 
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Problem  88a.  Elxplain  how  you  would  determine,  by  means  of  a 
steel  tape  only,  whether  the  corner  of  a  certain  lot  is  an  exact  right 
angle. 

Problem  84a.  How  long  must  a  guy  wire  be,  if  attached  to  a  30-ft. 
pole  at  a  point  15  ft.  from  the  ground  in  order  to  attach  to  an  anchor 
in  level  ground  at  a  distance  of  15  ft.  from  the  foot  of  the  pole. 

Problem  86a.  A  guy  wire  attached  to  one  pole  at  a  point  20  ft.  from 
the  ground  is  attached  to  the  next  pole  at  a  point  6  ft.  from  the  ground. 
The  poles  are  100  feet  apart  and  set  in  levd  ground.  How  long  is  the 
guy  wire,  n^lecting  sag? 

Problem  88a.  How'  long  are  the  sides  of  an  A-shaped  transmission 
line  tower,  if  the  top  or  apex  iis  30  feet  above  ground,  and  the  feet  are 
10  feet  apart  at  the  ground?  What  are  the  angles  at  the  apex,  and 
between  each  side  and  ground? 

Problem  87a.  What  is  the  length  of  the  longest  straight  piece  of 
material  or  bar  which  can  be  put  on  a  flat-car  whose  dimensions  are 
40  ft.  X  8  ft. 

Problem  88a.  What  is  the  horizontal  distance  between  two  vertical 
transmission  line  towers  which  are  500  ft.  apart  as  measured  along 
the  wire,  which  slopes  to  an  angle  of  20°  to  the' horizontal  and  has 
no  sag? 


APPENDIX  B 


Tabvb  I 

NATURAL  SINES,  COSINES,  TANGENTS  AND 

COTANGENTS 


• 

O'to3° 

r  to  10" 

0 

■n 

OOB 

tan   oot 

90* 

*• 

flin   008 

tan   oot 

88* 

.000000  1.00000 

.00000   00 

.06076  .99766 

.06093  14.301 

6' 

1454  1.00000 

146  687.56 

55' 

10' 

.07266   736 

.07286  18.727 

60' 

10' 

2900  l.OUOOU 

291  343.77 

60' 

20' 

566   714 

578  13.197 

40' 

15' 

4363  0.99090 

436  229.18 

45' 

30' 

.07846   692 

.07870  12.706 

30' 

ao' 

6818 

998 

582  171.89 

40' 

40' 

.06136   668 

.08163  12.261 

20' 

26' 

7272 

997 

727  137.51 

35' 

50' 

426   644 

456  11.826 

10' 

ao' 

.006727 

996 

.00873  114.50 

30' 

8* 

.06716  .99610 

.08740  11.430 

88* 

35' 

.010181 

996 

.01018  98.218 

25' 

10' 

.09006  .99504 

.09042  11.069 

60' 

40' 

1685 

003 

104  85.940 

20' 

20' 

296   667 

335  10.712 

40' 

45' 

3090 

991 

309  76.390 

15' 

30* 

.0585    640 

629   .386 

30' 

60' 

4544 

980 

455  68.760 

10' 

40' 

.0874    511 

.00923  10.078 

20' 

66' 

5998 

987 

600  62.409 

5' 

60' 

.10104   482 

.10216  9.7882 

10' 

V 

.0174Jd 

.09985 

.01746  57.290 

80* 

f 

.10453  .99452 

.10610  0.5144 

84* 

5' 

.01891 

982 

.01891  52.882 

56' 

10' 

.10742   421 

.10605   .2663 

50' 

10' 

.02036 

979 

.02036  49.104 

60' 

20' 

.11081   390 

.11000  0.0096 

40' 

16' 

181 

976 

182  45.829 

45' 

30' 

320   357 

894  8.7769 

30' 

20' 

327 

973 

328  42.964 

40' 

40' 

609   324 

688   .5655 

20' 

26' 

472 

969 

473  40.436 

35' 

60' 

.11896   290 

.11963   .3450 

10' 

30' 

618 

966 

619  38.188 

30' 

?• 

.12187  .99256 

.12278  8.1448 

88* 

36' 

768 

962 

764  36.178 

26' 

10' 

476   219 

574  7.9630 

60' 

40' 

.02906 

958 

.02910  34.368 

20' 

20' 

.12764   182 

.12860   .7704 

40' 

46' 

.03054 

963 

.08055  32.730 

15' 

80' 

.13053   144 

.13166   .5968 

30' 

60' 

199 

949 

201  31.242 

10' 

40' 

341   106 

461   .4287 

20' 

56' 

345 

044 

346  29.882 

5' 

60' 

629   067 

.13758   .2687 

10' 

!• 

.03490 

.99989 

.03492  28.636 

88" 

8* 

.13917  .09027 

.14054  7.1164 

81* 

6' 

636 

934 

638  27.490 

55' 

10' 

.14205  .08986 

361  6.9682 

60' 

10' 

781 

929 

783  26.432 

60' 

20' 

493   044 

646   .8269 

40' 

15' 

.08926 

923 

.08029  25.452 

45' 

30' 

.14781   902 

.14045   .6012 

30' 

20' 

.04071 

917 

.04075  24.542 

40' 

40' 

.15009   858 

.15243   .6606 

20' 

26' 

217 

911 

220  23.695 

36' 

60' 

356   814 

540   .4348 

10' 

80' 

362 

905 

366  22.904 

30' 

9* 

.15643  .96760 

.15838  6.3138 

81* 

86' 

607 

886 

612  22.164 

25' 

10' 

.15931   723 

.16137   .1970 

60' 

40' 

653 

802 

658  21.470 

20' 

20' 

.16218   676 

435  6.0644 

40' 

46' 

796 

886 

803  20.819 

16' 

30' 

606   629 

.16784  6.9758 

30' 

60' 

.04943 

878 

949  20.206 

10' 

40' 

.16792   680 

.17033   .8706 

20' 

65' 

.06068 

870 

.06095  19.627 

5' 

60' 

.17078   631 

333   .7604 

10' 

8* 

.06284 

.99863 

.06241  19.061 

87" 

10* 

.17365  .98481 

.17683  5.6713 

80* 

10' 

624 

847 

533  18.076 

60' 

10' 

651   430 

.17933   .6764 

60' 

20' 

.05814 

831 

.05824  17.169 

40' 

20' 

.17937   378 

.18233   .4645 

40' 

80' 

.06106 

813 

.06116  16.350 

30' 

30' 

.18224   825 

634   .8066 

30' 

40' 

395 

795 

408  15.606 

20' 

40' 

609   272 

.18836   .3093 

20' 

60' 

685 

776 

700  14.924 

10' 

60' 

.16796   218 

.19136   .2267 

10' 

000 

sin 

oot   tan 

000   ain 

oot   tan 

87°  to  90* 


(521) 


80°  to  86< 


IV  to  20' 


ar  to  30* 


BUI  1 

008 

tan   oot 

T9" 

n* 

sin 

OOB 

tan   oot 

t»* 

u* 

.10081 

.98163 

.19438  5.1446 

.35837 

.93358 

.38386  2.6061 

10' 

366 

107 

.19740  5.0658 

50' 

10' 

.36108 

253 

.38721  .5826 

SO' 

20' 

662 

.98060 

.2m2  4.9894 

40' 

20' 

379 

148 

.89066  .5606 

40' 

80' 

.10937 

.97992 

345  .9152 

30' 

30' 

650 

.93042 

-  391  .5386 

30' 

40' 

.20222 

934 

648  .8430 

20' 

40' 

.86921 

.92935 

.3^27  .5172 

20' 

60' 

607 

875 

.20952  .7729 

10' 

60' 

.37191 

827 

.40065  .4960 

lO* 

W 

.20791 

.97815 

.21256  4.7046 

W 

.37461 

.92718 

.40403  2.4751 

«* 

w 

.21076 

754 

560  .6382 

50' 

10' 

730 

609 

.40741  .4546 

SO' 

20' 

860 

692 

.21864  .5736 

40' 

20' 

.37999 

499 

.41081  .4342 

40' 

30' 

644 

630 

.22169  .5107 

30' 

30' 

.38268 

388 

421  .4142 

30* 

40' 

.21028 

666 

475  .4494 

20' 

40' 

537 

276 

.41763  .3945 

20' 

50' 

.22212 

502 

.22781  .3897 

10' 

60' 

.38805 

164 

.42106  .3750 

10' 

IS" 

.22405 

.97437 

.23067  4.3315 

77* 

ss* 

.39073 

.92050 

.42447  2.3650 

67" 

10' 

.22778 

371 

393  .2747 

50' 

10' 

341 

.91936 

.42791  .3360 

50' 

20' 

.23062 

304 

.23700  .2193 

40' 

20' 

606 

822 

.43136  .3183 

40' 

ao' 

346 

237 

.24008  .1653 

30' 

30' 

.39876 

706 

481  .2998 

30' 

40' 

627 

169 

316  .1126 

20' 

40' 

.40141 

590 

.43828  .2817 

20' 

BO' 

.23010 

100 

624  .0611 

10' 

60' 

408 

472 

.44175  .2637 

10' 

U" 

.24102 

.97030 

.24933  4.0108 

76* 

M* 

.40674 

.91365 

.44523  2.2460 

66* 

10' 

474 

.96959 

.25242  3.9617 

50' 

10' 

.40939 

236 

.44873  .2286 

50' 

»' 

.24766 

887 

552  .^136 

40' 

20' 

.41204 

.91116 

.45222  .2113 

40' 

ao' 

.26038 

815 

.25862  .8667 

30' 

30' 

469 

.90996 

573  .1943 

30' 

40' 

320 

742 

.26172  .8206 

20' 

40' 

734 

875 

.45924  .1775 

20' 

60' 

601 

667 

483  .7760 

10' 

50' 

.41998 

753 

.46277  .1609 

10' 

U' 

.26882 

.96593 

.26795  3.7321 

76- 

2S* 

.42263 

.90631 

.46631  2.1445 

Cf 

10' 

.26163 

517 

.27107  .6891 

50' 

10' 

525 

507 

.46985  .1283 

60' 

20' 

443 

440 

419  .6470 

40' 

20' 

.42788 

883 

.47341  .1123 

40' 

30' 

.26724 

363 

.27732  .6059 

30' 

30' 

.43051 

259 

.47698  2.0965 

30' 

40' 

.27004 

286 

.28046  .5656 

30' 

40' 

313 

133 

.48065   809 

20' 

60' 

284 

206 

360  .5261 

10' 

50' 

575 

.90007 

,  414   655 

10' 

If 

.27564 

.96126 

.28675  3.4874 

74* 

W 

.43837 

.89879 

.48773  2.0503 

M* 

10' 

.27843 

.96046 

.28990  .4476 

60' 

10' 

.44UvB 

752 

.49184   358 

50' 

20' 

.28123 

.95964 

.29306  .4124 

40' 

20' 

359 

623 

495   204 

40' 

30' 

402 

882 

621  .3759 

30' 

30' 

620 

493 

.49858  2.0057 

30' 

40' 

680 

799 

.29938  .3402 

20' 

40' 

«  v4IkH/ 

363 

.50222  1.9912 

30' 

60' 

.28960 

715 

.30256  .3052 

10' 

60' 

.45140 

232 

587   768 

10' 

17* 

.20237 

.95630 

.30673  3.2709 

7S" 

27* 

.45399 

.89101 

.50953  1.9626 

63* 

10' 

615 

545 

.30891  .237i 

50' 

10' 

658 

.88968 

.51319   486 

50' 

20' 

.20703 

459 

.31210  .2041 

40' 

20' 

.46917 

885 

.51688   347 

40' 

80' 

.30071 

372 

530  .1716 

30' 

30' 

.46175 

701 

.52057   210 

30' 

40' 

348 

284 

.31850  .1397 

20' 

40' 

433 

566 

427  .9074 

20' 

60' 

625 

195 

.32171  .1084 

10' 

60' 

690 

431 

.52798  1.8940 

10' 

!»• 

.30002 

.95106 

.32492  3.0777 

71" 

S8* 

.46947 

.88295 

.53171  1.8807 

6S* 

10' 

.31178 

.95015 

.32814  .0476 

50' 

10' 

.47204 

158 

545   676 

60' 

20' 

454 

.94924 

.33136  3.0178 

40' 

20' 

460 

.88020 

.53920   546 

40' 

30' 

.31730 

832 

460  2.9887 

30' 

30' 

716 

.87882 

.54296   418 

30' 

40' 

.32006 

740 

.33783  .9600 

20' 

40' 

.47971 

743 

.54673   291 

20' 

60' 

282 

646 

.34108  .9319 

10' 

50' 

.48226 

603 

.55051   166 

10' 

19* 

.32657 

.94552 

.34433  2.9042 

71- 

M* 

.48481 

.87462 

.55431  1.8010 

«!• 

10' 

.32832 

467 

.34758  .8770 

50' 

10' 

735 

321 

.56813  1.7917 

60' 

20' 

.33106 

361 

.35085  .8502 

40' 

20' 

.48989 

178 

.56194   796 

40' 

30' 

381 

264 

412  .8239 

30' 

30' 

.49242 

.87036 

577   675 

30' 

40' 

655 

167 

.35740  .7980 

20' 

40' 

495 

.86892 

.66062   556 

20' 

60' 

.33929 

.94068 

.36068  .7725 

10' 

50' 

.49748 

748 

.67348   437 

10' 

»• 

.34202 

.93969 

.36397  2.7475 

70" 

SO* 

.60000 

.86603 

.67735  1.7321 

•0- 

10' 

475 

869 

.36727  .7228 

60' 

10' 

25^ 

457 

.68124   205 

50' 

20' 

.34748 

709 

.37057  .6985 

40' 

20' 

603 

310 

613  .7090 

40' 

30' 

.35021 

667 

388  .6746 

30' 

30' 

.57054 

163 

.58906  1.6977 

80' 

40' 

293 

665 

.37720  .6511 

20' 

40' 

.61004 

.86015 

.59297   864 

20' 

60' 

665 

462 

.38053  .6279 

10' 

50' 

354 

.86866 

.59091   768 

10' 

oos 

SID 

oot   tan 

OOi 

Bin 

oot   tan 

70"  to  79' 
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60°  to  69' 


31"  to  37^ 

38"  to  46" 

91* 

ain 

008 

tan   oot 

S»* 

ss* 

Bin 

008 

tan   oot 

BS* 

.51504 

.85717 

.60086  1  6643 

.61566 

.78801 

.78129  1.3799 

10' 

.51763 

567 

483   534 

60' 

10' 

.61705 

622 

.78598   728 

60' 

20' 

.52002 

416 

.60881   426 

40- 

20' 

.62024 

442 

.79070   647 

40' 

30' 

250 

264 

61280   319 

30- 

30' 

251 

261 

.79544   673 

80' 

40' 

408 

.85112 

.61681   212 

20- 

40' 

479 

.78079 

.80020   497 

SO' 

50' 

745 

.84059 

.92083   107 

lo- 

50' 

706 

.77897 

498  .423 

-10' 

St* 

.52093 

.84805 

.62487  1.6003 

ss* 

ss* 

.62932 

.77716 

.80078  1.2349 

81* 

10' 

.53238 

650 

.62892  1  5900 

60' 

10' 

.63158 

631 

.81461   276 

60' 

SO' 

484 

495 

.63299   798 

40' 

20' 

383 

347 

.81946   208 

40* 

30' 

730 

839 

.63707   697 

30' 

30' 

606 

.77162 

.82434   131 

30' 

40' 

.63975 

182 

.64117   697 

SO' 

40' 

.63832 

.76977 

.82923  .2060 

SO' 

»' 

.64220 

.84035 

528   497 

10' 

50' 

.>^05^ 

791 

.83415  1.1988 

10' 

as* 

.54464 

.83867 

.64941  1.5399 

ST* 

40* 

.64279 

.76604 

.83910  1.1918 

80* 

10' 

708 

706 

.65355   301 

60' 

10' 

601 

417 

.84407   847 

60' 

20' 

.64951 

649 

.65771   204 

40' 

20' 

723 

229 

.84906   778 

40' 

30' 

.65194 

380 

.66180   106 

30' 

30' 

.64945 

76041 

.86406   706 

30' 

40' 

436 

228 

.66608  .5013 

20' 

40' 

.65166 

.75851 

.86912   640 

SO' 

fiO' 

678 

.83066 

.67028  1.4919 

10' 

50' 

386 

661 

.86419   571 

10' 

S4* 

.55919 

.82904 

.67451  1.4826 

86* 

41* 

.65606 

.75471 

.86029  1.1504 

48* 

10' 

.56160 

741 

.67875   733 

60' 

10' 

.65825 

280 

.87441   436 

50' 

SO' 

401 

677 

.68301   641 

40' 

20' 

.66044 

.75068 

.87955   360 

40' 

30' 

641 

413 

.68728   550 

80' 

30' 

262 

.74896 

.88473   303 

30' 

40' 

.56880 

248 

.69157   460 

20' 

40' 

480 

708 

.88992   237 

20' 

30' 

.57119 

.82082 

.69588   370 

10' 

60' 

697 

609 

.89515   171 

10' 

St* 

.57358 

.81915 

.70021  1.4281 

86* 

41* 

.66913 

.74314 

.90040  1.1106 

48* 

10' 

696 

748 

455   193 

60' 

10' 

.67129 

.74120 

.90560  1.1041 

60' 

SO' 

.67833 

580 

.70891   106 

40' 

SO' 

344 

.73924 

.91099  1.0077 

40' 

30' 

.68070 

412 

.71329  .4019 

30' 

30' 

559 

728 

.9IA33   913 

30' 

40' 

307 

242 

.71769  1.3934 

20' 

40' 

773 

531 

.92170   850 

20' 

60' 

543 

.81072 

.72211   848 

10' 

50' 

.67987 

333 

.92709   786 

10' 

ss* 

.58779 

.80902 

.72654  1.3764 

84* 

4S* 

.68200 

.73135 

.98252  1.0724 

4T* 

10' 

.59014 

730 

.73100   680 

60' 

10' 

412 

.72937 

.03707   661 

60' 

SO' 

248 

558 

547   597 

40' 

20' 

624 

737 

.94345   599 

40* 

30' 

482 

386 

.73996   514 

30' 

30' 

.68835 

537 

.94896   638 

30' 

40' 

716 

212 

.74447   432 

20' 

40' 

.69046 

337 

.65451   477 

20' 

fiO' 

.50949 

.80038 

.74900   851 

10' 

50' 

256 

.73136 

.96008   416 

10' 

ST* 

*iS 

.79864 

.75865  1.3270 

88* 

44* 

.69466 

.71934 

.96560  10365 

48* 

10' 

688 

.75812   190 

50' 

10' 

675 

732 

.97133   295 

50' 

SO' 

645 

512 

.76272   111 

40' 

20' 

.69883 

529 

.97700   385 

40' 

30' 

.60676 

335 

.76733  .3032 

30' 

30' 

.70091 

325 

.98270   176 

30' 

40' 

.61107 

.79158 

.77196  1.2954 

20' 

40' 

298 

.71121 

.98843   117 

20' 

30' 

337 

.78980 

.77661   876 

lo- 

50' 

606 

.70916 

.99420   068 

10* 

• 

48* 

.70711 

.70711  1.00000  1.0000 

48* 

ooe 

sin 

oot   tan 

008 

ain 

oot   tan 

53°  to  69' 


45°  to  62* 
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Tablb  n 
PROPERTIES  OF  ANNEALED  COPPER  WIRE 


B.&S. 

Ares  in 
ciro. 
mib. 

Diametei 

r  in  mib. 

t 

Number 
of  strands 

Resistance 

per  mile  at 

20-C.or 

Weight  per  mile 

in  pounds 

(approi.). 

gage. 

in  eable. 

e8"F. 

SoUd. 

Stranded. 

(approz.). 

SoUd. 

Stnanded. 

14 

4,107 

64.05 

73 

7 

13.3 

65.6 

70 

12 

6,630 

80.81 

92 

7 

8.40 

104 

108 

10 

10,380 

101.9 

116 

7 

5.27 

166 

172 

8 

16,510 

128.5 

146 

7 

3.31 

264 

269 

6 

26,250 

162.0 

184 

7 

2.08 

420 

428 

5 

33,100 

181.9 

206 

7 

1.65 

530 

544 

4 

41,740 

204.3 

232 

7 

1.31 

667 

682 

3 

52,630 

229.4 

260 

7 

1.04 

841 

866 

2 

66,370 

257.6 

292 

7 

0.824 

1062 

1,087 

1 

83,690 

289.3 

333 

7 

0.656 

1337 

1,368 

0 

105,540 

324.9 

375 

7 

0.518 

1687 

1,730 

00 

133,080 

364.8 

419 

7 

0.412 

2127 

2,190 

000 

167,810 

409.6 

470 

7 

0.328 

2682 

2,740 

0000 

211,600 

460.0 

528 

19 

0.259 

3381 

3,470 

250,000 

500.0 

575 

19 

0.217 

•  •  •  • 

4,090 

300,000 

547.7 

630 

19 

0.185 

4,980 

350,000 

591.6 

681 

19 

0.159 

5J40 

400,000 

632.5 

729 

37 

0.137 

6,670 

450,000 

670.8 

773 

37 

0.122 

7,470 

500,000 

707.1 

815 

37 

0.111 

8,210 

550,000 

741.6 

855 

37 

0.100 

9,020 

600,000 

774.6 

893 

37 

0.0898 

9,860 

650,000 

806.2 

929 

37 

0.0845 

10,660 

700,000 

836.7 

964 

37 

0.0793 

11,480 

750,000 

866.0 

998 

61 

0.0739 

12,320 

800,000 

894.4 

1031 

61 

0.0687 

13,130 

900,000 

948.7 

1093 

61 

0.0633 

14,860 

1,000,000 

1000 

1151 

61 

0.0528 

16,420 

1,250,000 

1118 

1289 

61 

0.0438 

20,300 

1,500,000 

1225 

1413 

91 

0.0304 

24,600 

1,760,000 

1323 

1526 

91 

0.0311 

28,700 

2,000,000 

1414 

1631 

127 

0.0275 

32,800 

(624) 


Tablb  III 

1  cu.  ft.  of  water  weighs  62.5  lb. 

1  horse  power  »  33,000  ft.  lb.  per  minute. 

1  kilowatt  =  1.34  horse  power. 

1  B.t.u.  =  780  ft.  lb. 

1  cu.  in.  of  copper  weighs  0.3195  lb. 

1  cu.  in.  of  aluminum  weighs  0.0963  lb. 

1  cu.  ft.  Om  wijgn  j  anthracite  coal  weighs  approx.  |  ^  «  * 

1  cu.  ft  of  I  f^  ,      I  bitimiinous  coal  weighs  approx.  1  go  u^' 

1  barrel  of  crude  oil  »  41  gal.  »  310  lb. 
1  ton  -  2000  lb. 
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INDEX 


Adding  e.m.f.'8,  77 

Additive  series,  300,  443 

Air  gap,  239 

Alternating     current,  advantages 

of,  11 
Alternating-current       generators, 

single-phase,  281    . 
Alternating  e.m.f.,  44 

average  value  of,  55,  57 

effective  value  of,  60 

maximum  value  of,  55,  57 
Alternators,  deltarconnected,  349 

four-phase,  329 

in  opposite  phase,  84 

in  phase,  77 

in  quadrature,  88 

in  series,  77 

multipolar,  315 

polyphase,  326 

single-phase,  281 

star-connected,  353 

three-phase,  349 

two-phase,  326 
Ampere,  alternating-current,  60 
Amplitude  factor,  405 
Apparent  power,  170 
Armature,  connection,  427 

inductors,  grouping  of,  299 

reaction,    effect    of,    on  wave- 
form, 394 

reaction  for  distributed  wind- 
ing, 447 

ring-wound j  313 

rotating,  282,  286 


Armature,  taps  for  a  synchronous 
motor,  311 
windings  for  d-c.  machine,  417 
windings,  see  Windings 
windings,  open-  and  closed-cir- 
cuit, 296 
windings,  drum  and  ring,  299 
windings,  re-entrant  type,  301 
windings,    tapping    points    on 
closed-circuit,  304 
Arrangement  of  coils  in  slots,  440 
Artificial  neutral,  190 
Average  power,  158 

B 

Balanced  phases,  140 

Balanced  three-phase,   power  in, 

179 
Bar  winding,  appearance  of,  418 
Big  Creek  reservoir,  22 
Bipolar  armature  winding,  309 

C 

Capacity,  effect  on  wave-form,  405 
(relative)   of  open  and  closed 

windings,  369 
(relative)  of  single-phase,  quar- 
ter-phase    and     three-phase 
generators,  362,  367 
Central  power  stations,  4 

location  of,  9 
Chain  winding,  450 
appearance  of,  422 
for  three-phase,  479 
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INDEX 


Choke  ooil,  239 

Circuits,  power  in  polyphase,  191 

series,  77 
Clock  diagrams,  39 
Closed-circuit  windings,  296,  329 

heating  effect  with  unbalanced 
load,  337 

tapping  points  on,  304 
Closed-delta  connection,  112 

current  in  phases  of,  135 
Coils,  appearance  of,  420,  421 

forms,  420 

high-  and  low-tension,  266 

primary  and  secondary,  266 

short,  482 

skew,  482 

structure  of,  418 
Collecting  rings,  286,  294 
Commutator,  293 
Compressed  air,  6 
Computation  of  power  in  poly- 
phase circuits,  191 
Concentrated  armatiu'e  windings, 
compared    with    distributed, 
445 

single-phase,  432 

wave-form  of,  395 
Connection,  armature,  427 
Constant-current  transformer,  17 
Converter,  armature  taps  for,  311 

motor-generator,  14 

rotary  or  synchronous,  14 

substation,  13,  16 
Copper  wire  (table),  524 
Core,  smooth,  430 

slotted,  advantages  of,  430 
Cosine,  definition  of,  506 

of  angles  greater  than  90°,  516 
Counter  e.m.f.,  218 
Cross  currents  due  to  irregular 

wave-forms,  405 
Creeping  winding,  482 
Current  lagging, 


Current-limiting  reactanoe   ooils 

223 
Current,  with  phase  difference  to 

vbltage,  142 
value  of,  instantaneous,  32 
Cycle,  28,  31,  292 

D 

Definite  field  type  of  rotor,  285 
Degrees,  electrical,  52 
space,  52 
time,  52 
Deltarconnected  machine,  current 
in  leads  to,    136 
current  in  phases  of,  135 
Delta   connection,   effect  of,   on 

wave-form,  398 
Delta,  closed,  112 

open,  96 
Developed  diagram  of  armature 

windings,  433 
Diagonal  of  parallelogram,  509 
Diagrams,  clock  or  vector,  39 
Distributed  windings,  442 
compared    with    concentrated, 

445 
effect  on  wave-form,  395,  399 
Drum  armature,  polyphase  wind- 
ings for,  472 
Drum  windings,  299 

E 

Effective    value    of    altematiDg- 

current  voltage,  60,  65. 
Electrical  degrees,  52 
Element  of  winding,  425 
E.m.f.,  cotmter,  218 

how  built  up,  447 

in  armature  inductors,  287 

in  opposite  phase,  84 

in  quadrature,  88 

in  series,  in  phase,  77-106 
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Eoni.,  opposition  of  in  armature 
coils,  458 
proper  wave-form  of,  see  Wave- 
forms 

End-connections,  improper,  466 
to  armature  windings,  436 

Equivalent  single-phase  amperes, 
204 

Exciter,  284 

Exploring-ooil  method  of  finding 
wave-form,  396 


Field-discharge  switch,  221 
Field,  rotating,  282 
Flux,  fringing  of,  394 

radial,  393 
Forms  of  coils,  421 
Four-phase  alternators,  329 

phase  relations  in,  332 

relation  between  two-phase  and 
four-phase,  331 
Fractional  pitch,  426 
Frequency,  28,  31 
Fringing  of  flux,  effect  on  wave- 
form, 394 

G 

Gatim     hydro-electric     develop- 

'  ment,  23 
Gatun  power  plant,  3 
Generation  of  proper  e.m.f .  wave- 
form, 389 
Generator,  exciter,  284 

high-speed,  285 

turbo-,  285 
Generators,  '' phasing  out,"  103 

polyphase,  326 

quarter-phase,  94 

reversing  the  connections  of,  101 

three-phase  open-delta,  96 

two-phase,  93 


Grouping  of  armature  inductors, 
299 


Half-coiled    armature    windings, 

439,440 
Heating  effect  of  current,  60 
Henry,  unit  of  inductance,  225 
Heating  in  two-phase  closed-cir- 
cuit windings,  337 
High-frequency  ripples  in  wave- 

form,  406 
High-tension  coils,  266 
Hour-glass  choke  coil,  239 
Hypothenuse  of  right  triangle,  499 
Hysteresis  loss  due  to  flat  wave- 
form, 408 


Impedance,  217 
definition  of,  65 
of  parallel  combinations,  258 
of  series  combinations,  253 
power  consumed  by,  251 

Improper  end-connections,  460 

Inductance,  224 
a  property  of  the  circuit,  233 
causes  phase  difference,  241 
effect  on  wave-form,  405 
mutual,  261 
of  a  coil,  229 

of  a  transmission  line,  233 
self- 224 
imit  of,  225 

Induction  coils,  265 

Inductive  reactance,  213 

Inductor,  426 

Inertia  of  magnetic  circuit,  226 

Instantaneous  power,  155 

Insulation  for  peaked  wave-form, 
405 

Interlinkages,  231 

Irregular  wave-forms,  405 
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Lagging  current,  effect  of  wave- 
form, 405 

Lap  winding,  434 

Law  of  sines,  411 

Lead  and  lag,  meaning  of,  when 
applied  to  separate  circuits, 
326 

Leading  current,  effect  on  wave- 
form, 405 

Leading  pole  tip,  394 

Leakage  lines,  266 

Leakage,  magnetic,  297 

Lenz'  law,  224 

Lighting  transformers,  effect  of 
wave-shape  on  losses  in,  409 

Lightning,  arrester  choke  coil,  239 
discharge,  239 

Linkage  of  magnetic  lines  and 
turns  of  coil,  231 

Loading,  effect  of,  on  wave-form, 
397 

Local  currents,  in  armature  wind- 
ings, 466  , 
due  to  bearing  wear,  468 
cure  for,  470 

Long-distance  transmission  sys- 
tem, 20 

Losses  in  transformer,  effect  of 
wave-form  on,  409 

Low-tension  coils,  266 

M 

Magnetic  leakage,  297 
Magnetic  path  through  generator, 

297 
Maximum  value  of  e.m.f.,  55 
Measurement  of  power,  balanced 
three-phase,  179 
one-wattmeter  method,  189 
single-phase,  179 
two-wattmeter  method,  184 


Measurement   of   power,   unbal- 
anced three-phase,  184 
Mercury-fffc  rectifier,  14 
Mesh  connection,  352 
Mississippi  River  development,  23 
Motor-generator  converter,  17 
Multipolar  alternators,  315 
Mutual  inductance,  261 

N 

Neutral,  artificial,  190 
Neutral  points,  299 

2one,  299 
Non-sine    wave-form,    effect    of 
capacity  on,  406 

O 

Oblique  triangles,  508 

Oil  switch,  222 

One-wattmeter  method  of  power 

measurement,  189 
Open-circuit  windings,  296 
Open-delta  connection,  96 
Opposition  of  e.m.f/s  in  armar 

iure  windings,  458 
Oscillogram  of  e.m.f.,  51 


Parallel  combinations,  connections, 
129 
currents  having  a  phase  differ- 
ence, 133 
impedance  of,  258 
operation  of  motors,  198 
voltage  and  current  relations, 
134 
Parallelogram,  diagonal  of,  509 
Peaked  waves,  effect  of,  405 
Period,  53,  292 

Phase  difference  in  inductive  cir- 
cuit, 241 
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Phase  difference  of  current  in 
line  to  current  in  phases  of 
machines,  136 

of  current  to  voltage,  142 

sine  curves  showing,  144 
''Phasing  out"  a  machine,  103 
Piston  motion,  law  for,  31 
Pitch,  fractional,  426 

of  winding,  425 
Polar  vector  diagram,  80 
Pole-pitch,  fractional,  426 

of  winding,  425 
Poles,  beveled,  390 

shaping  of,  389 
Pole  tip,  leading,  394 

shaping  of,  395 

trailing,  394 
Polyphase  alternator,  326 

two-phase,  326 
Polyphase  circuits,  power  in,  191 
Polyphase  machine,  140 
Polyphase    motor   versus   single- 
phase,  359 
Polyphase  winding  for  drum  arma- 
ture, 472 
Positive  direction  through  a  cir- 
cuit, 116 
Power,  apparent,  170 

average,  158 

effective,  168 

instantaneous,  155 

measurement,  162 

negative,  161 

reactive,  168 

sources  of,  1 

stations,  4 

with  current  at  90^  to  voltage, 
160 
Power  component  of  current,  173 
Power  consumed  by  impedance, 

251 
Power  curves,  157 
Power-factor,  164 


Power-factor  meter,  409 
effect  of  wave-form  on,  indi- 
cations of,  409 

Power  in  polyphase  circuits,  191 

Primary  coils,  266 

Prime  movers,  4 

Power  taken  by  parallel  appli- 
ances, 198 

Pft)gre8sive  winding,  435 

Properties  of  copper  wire  (table), 
524 

Pump,  valveless,  29 

Q 

Quadrature  component  of  current, 

174 
Quarteivphase  genotitor,  94,  330 

phase  relations  in,  332 

system,  95    - 

three-wire,  95 

R 

Radial  diagram  of  armature,  wind- 
ings,. 433 
Radial  flux,  wave-form  produced 

by,  393 
Ragged  wave-form,  390 
Rate  of  flow,  law  for,  33 
Reaction  (armature),  effect  upon 
wave-form,  394 
(armature)  less  with  distributed 
winding,  447 
Reactance,   (coils)  current  limit- 
ing, 223 
combined  with  resistance,  245 
computation  of,  236 
formula  for,  238 
inductive,  216 
Reactive  component  of  current, 
173 
current,  173 
power,  168 
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Reactive  oomponent  of  pressure, 
173 

volt-fiunperes,  173 
Rectifier^  mercury  arc,  14 
Re-entrant  winding,  301 
Resistance,  65 

combined  with  reactance,  245 
Retrogressive  winding,  436 
Reversing  phases  of  generators, 

101 
Ring  windings,  299 
Ring-wound  armature,  313 
Ripples,  high  frequency,  406 

in  wave-form,  392 
Rotary  converter,  15 
Rotating  armature,  280,  286 
Rotating  field,  282 
Rotor,  282 

S 

Secondary  coils,  266 
Self-inductance,  224 
Series  and  parcel  circuits,  77 
Series  circuits,  impedance  of,  253  . 
Series  lamp  circuit,  17 
Shaping  of  poles,  389,  395 
Short-coil  winding,  482 
Short-distance   transmission   sys- 
tem, 15,  18 
Sine  curve,  34 

a  standard  wave-form,  37 

equation  for,  34 

reason  for  using,  38 
Sine,  definition,  502 

law  of,  511 

of  angle  greater  than  90*^,  512 
Single-phase     armature,     correct 

tapping  for,  370 
Single-phase  generators,  281 
Skew-coil  winding,  482 
Slotted  core,  advantages  of,  430 
Smooth  core,  430 


Smoothing  out  wave-form,  390 
Sohd  wire  table,  524 
Sources  of  power,  1 
Span,  see  Pitch    ' 
Square-root-mean-6quare  value  of 

e.m.f.,  410 
Star  connection,  125 

wave-form  a£fected  by,  398 
Stator,  282 

windings  of,  421,  424 
Step-down  transformer,  266 
Step-up  transformer,  266 
Stranded  wire  table,  524 
Substation,  converter,  13 

transformer,  12 
Subtractive  seriiss,  443 
Switch,  field  discharge,  221 

oil,  222 
Synchronous  converter,  14 
Synchronous  converter,  armature 
taps  for«  311 


Table,  copper  wire,  524 
trigonometric,  521 
weights  and  measures,  525 
Tangent,  definition  of,  507 

of  angle  greater  than  90°,  516 
Tapping  points  on  closed-circuit 

winding,  304 
Tape    in    synchronous-converter 

armature,  311 
Three-phase    armature    winding, 

appearance  of,  420 
Three-phase  generator,  best  tap- 
ping for,  364 
Three-phase  system,  17 
Three-phase   windings   for  drum 

armature,  473 
Three-phase  (balanced),  one-watt- 
meter method,  184 
power  in,  179 


